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ABBREVIATIONS 
 
1. Reagents and compounds 
 
ACN  acetonitrile 
AEA  2-ethyl-2-propenal or α-ethylacrolein 
AMA  2-methyl-2-propenal or α-methylacrolein 
BHBA 2,2-bis(hydroxymethyl)butyric acid 
BHBAL 2,2-bis(hydroxymethyl)butyraldehyde 
BHPA 2,2-bis(hydroxymethyl)propionic acid 
BHPAL 2,2-bis(hydroxymethyl)propionaldehyde 
BuCOOH butyric acid 
CH3COOH acetic acid 
DHPA 2,2-dimethyl-3-hydroxy-propionic acid 
DHPAL 2,2-dimethyl-3-hydroxypropionaldehyde 
DMMA 2,2-dimethylmalonic acid 
DMPD 2,2-dimethyl-1,3-propandiol (NPG) 
DMPD-mIBA 2,2-dimethyl-1,3-propandiol - mono isobutyrate 
DMSO dimethyl sulphoxide 
DNPH 2,4-dinitrophenylhydratzine 
DPDP 3-hydroxy-2,2-dimethylpropyl 3-hydroxy-2,2-dimethyl 
propionate ester 
EAA  ethylacrylic acid 
EHAL 2-ethyl hexanal 
EHPD 2-ethyl-2-hydroxypropan-1,3-diol (TMP) 
EtOH  ethanol 
FA  formaldehyde 
HBAL 2-hydroxymethyl butyraldehyde 
HCOOH formic acid 
HPAL 2-hydroxymethyl propionaldehyde  
IBAL  isobutyraldehyde 
IBuCOOH iso-butyric acid 
IBuOH iso-butanol 
MAA  methacrylic acid 
MeOH methanol 
MHPD 2-methyl-2-hydroxymethylpropan-1,3-diol (TME) 
NBAL n-butyraldehyde 
NBuOH n-butanol 
PAL  propionaldehyde 
PET  2,2-bis(hydroxymethyl)-1,3-propanediol  
PETA  2,2-bis(hydroxymethyl)-1-ol propionic acid 
PETAL 2,2-bis(hydroxymethyl)-3-hydroxy propionaldehyde 
THF  tetrahydrofuran 
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2. Techniques 
 
CP  cross polarisation 
CPMAS cross polarisation magic angle spinning 
DAD  diode array detector 
DSC  differential scanning calorimetry 
GC  gas chromatography 
HPLC  high-performance liquid chromatography 
NMR  nuclear magnetic resonance 
NP-HPLC normal phase high-performance liquid chromatography 
r.f.  radio frequency 
RI  refractive index 
RP-HPLC reversed phase high-performance liquid chromatography 
UV/vis ultraviolet/visible 
 
3. Units 
 
mAU  milli absorbance units 
Mw  molar mass 
RIU  refractive index units 
SD  standard deviation 
RSD% relative standard deviation in percent unity 
V  voltage 
vol.%  volume percent 
wt.%  weight percent 
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ABSTRACT 
 
Gradient programmed reversed phase high-performance liquid chromatography 
(RP-HPLC) methods were developed for the quantitative analysis of compounds 
in aldol reactions which produced hydroxy aldehydes, hydroxy acids and 
polyols. Four RP-HPLC methods and one gas chromatographic (GC) method 
were used for four different synthesis matrices. In the case of three sample 
matrices two RP-HPLC methods were combined into one instrument with two 
C18 columns and two detectors by a column switching technique. For the fourth 
sample matrix a C18 and a cation exchange column were combined to obtain 
adequate retention and resolution for the most polar compounds. A diodearray 
UV/vis detector was used for unsaturated aldehydes, hydroxy aldehydes, 
carboxylic acids, hydroxy acids, acetals and esters. Alcohols, polyols and 
aliphatic aldehydes were analysed by a refractive index (RI) detector. Even 
though a gradient programmed elution was carried out both UV/vis and RI 
detectors were used, since in stepwise elution the RI was set to the pass-by 
position. 
 
Because of the lack of the reference compounds of the hydroxy aldehydes under 
analysis, a 2,4-dinitrophenylhydrazone (DNPH) derivatisation method was 
developed to produce standards also for those compounds where no commercial 
reference materials were available. The DNPH RP-HPLC method for aldehydes 
and hydroxy aldehydes was utilised to determine the purity of the aldehyde 
standards used in the other HPLC methods. Conventionally, derivatisation is 
used in the determination of hydroxy aldehydes. But in the methods developed 
in this thesis no derivatisation was needed for the quantitative analysis of the 
hydroxy aldehydes if the samples were analysed under dilute acidic conditions. 
 
Nuclear magnetic resonance (NMR) spectroscopic techniques were used in the 
structure analysis of some compounds. The identities of an insoluble impurity 
and a solid DNPH derivative were ensured by solid state 13C NMR. The 13C 
NMR for liquid samples was applied to the structure determination of one 
hydroxy aldehyde. Different pH´s and temperatures were tested in HPLC 
applications in order to get reliable quantitative results especially for hydroxy 
aldehydes. The effects of pH and temperature on the equilibrium reactions of 
hydroxy aldehydes were confirmed by 1H and 13C NMR studies. 
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1. INTRODUCTION 
 
The research activities of an industrial company target to products that are 
better and cheaper than their competitors’. This can be obtained by optimisation 
of a chemical process targeting to improve an existing situation, device or entire 
process. In process optimisation the first prerequisite is that a promising 
synthetic route, usually with associated catalysts, is discovered. A detailed 
knowledge of the chemical reaction must be available after laboratory scale 
experiments before the actual process development. The thermodynamic 
equilibrium; kinetics of the main, secondary, and side reactions; dependence of 
selectivity and conversion on the process parameters; and finally, the heat of the 
reaction must be clarified in order to design the reactor and the structure of the 
entire plant around it. [1,2]. 
 
 
1.1. Process development 
 
The initial process concept is developed on the basis of optimised laboratory 
scale experiments, where various synthesis routes are tested to prepare the 
compound of interest in quantities of a few grams. In the laboratory scale the 
individual process steps are examined independently of each other. The 
information about potential reaction routes of the main, side and by-products 
must be available in order to specify the type of reactor to be used later in a 
higher scale production. The rate of formation of different products and its 
dependence on process parameters such as temperature, pressure and catalyst 
concentration should be known quantitatively. Thermodynamic equilibrium 
provides information about the maximum possible conversation. Since many 
reactions proceed to the state of thermodynamic equilibrium, it is essential to 
know how far the intended reactions are from the equilibrium. Computer based 
experimental design models on syntheses, and analytical methods in the 
quantification of the products of various reactions are applied when the 
laboratory procedures are scaled up to a bench and pilot scale. The quantity of 
continuous bench scale production is typically ca. 100 g/h and that of a pilot 
plant 1-5 kg/h. [1]. 
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Laboratory phase
Process plant draft
Development of the
individual steps
Evaluate
Development of entire process
in bench scale and of individual
steps in pilot plants if necessary
Evaluate
Development of entire
process in a pilot plant
Evaluate
Design of an industrial 
scale plant
Abandon
development
Abandon
development
Abandon
development
* Duration
O Production scale
Ø Factor for cost of eliminating mistakes
*  1-2 years
O 1-10 g
Ø 1
*  2-3 years
O 100 g/h
Ø 10
*  3-4 years
O 1-5 kg/h
Ø 100
*  3-5 years
O 1000 kg/h
Ø 1000
 
 
Figure 1.  In the process development the laboratory, bench, pilot and industrial scale 
development stages are tested separately in a cyclic pattern. After evaluation of the 
synthesis results and reactor construction, the new assumptions are tested once again 
before the next stage, or the development is abandoned. [modified from 1]. 
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Most mistakes are made early in the design, but it is still relatively easy and 
cheap to eliminate them at the bench or pilot plant stage. It is estimated that the 
costs of eliminating mistakes and the investment costs increase by a factor of 10 
from one development stage to the next. In process development assumptions 
are made for the individual development stages and they are only confirmed or 
proved to be incorrect when the next stage is being worked on. It may be 
necessary therefore to go through the individual stages several times with 
modified assumptions, resulting in a cyclic pattern, as shown in Figure 1.  After 
the process has been designed and tested in pilot scale, it will be constructed as 
an industrial scale process. [1,3]. 
 
In addition to analytical studies on reaction kinetics, safety aspects and product 
specification is of particular interest to an analytical chemist in successful 
process development, design and optimisation. The low concentrations of 
unwanted side products may need some special procedure in the final industrial 
scale process. In the product specifications the permissible impurity content 
may vary considerably from one product to another. In the case of resins it may 
be a few percent, and for monomers a few parts per million. Therefore high 
sensitivity of the analytical method is required in the studies.  
 
The role of analytical research is far less in the final industrial plant stage than 
in the process development stage, and the analysis of the composition of the 
process streams is limited to those compounds needed for process control and 
product specifications. Normally on-line analyses of the process are used, and 
other samples analysed in a quality control laboratory to ensure the quality 
specifications of the product. In this work the analytical research was primarily 
aimed at samples from studies of reaction kinetics. In later stages the same 
methods were also used for samples from the pilot scale studies. 
 
 
1.2. Manufacturing processes of hydroxy aldehydes, hydroxy carboxylic 
acids and polyols  
 
In the oxo process aldehydes, alcohols and acids are produced by 
hydroformylation. The hydroformylation reaction usually involves the addition 
of a mixture of 1:1 molar ratio carbon monoxide to hydrogen which reacts with 
an olefinic bond. Reaction with terminal olefins produces a mixture of straight 
chain and 2-methyl aldehyde isomers, as shown in Figure 2. Organometallics, 
such as rhodium complexes or cobalt carbonyls catalyse the reaction. The initial 
product is most commonly an aldehyde. In some cases alcohols can be 
produced directly depending on catalyst selection, the synthesis gas ratio and 
reaction conditions. Individual aldehydes are isolated by fractional distillation. 
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Because many aldehydes have little commercial value, they are often 
immediately hydrogenated to the corresponding alcohols or oxidised to acids. 
[4, 5]. 
 
 
 
2   R-CH=CH2   +  CO2   +  H2  →   R-CH2CH2CHO  +    R- CHCHO 
        | 
        CH3   
 
Figure 2. The reaction of synthesis gas with a terminal olefin gives a mixture of 
straight chain and 2-methyl aldehyde isomers. 
 
 
In addition to the alcohol and acid production the aldehydes from the oxo 
process can also be further used in an aldol condensation reaction, which is the 
reaction of one aldehyde with another. The two carbonyl compounds may be 
the same or not. The reaction is catalysed either by an acid or base. The 
products of the aldol reactions are hydroxy aldehydes. Base-catalysed self-
addition of aldehydes to form β-hydroxy aldehydes is successful under mild 
conditions, but only with relatively low molecular mass aldehydes up to six 
carbons. Typical conditions employ sodium hydroxide in aqueous solvents, 
alkalimetal alkoxides in the corresponding alcoholic solvents, or protic acids 
[6]. In recent studies gel-type macroporous anion exchange resins with amine 
groups were used as heterogeneous catalysts and the reactions were carried out 
in aqueous and methanolic solutions [7-9]. 
 
All the β-hydroxy aldehydes included in this thesis are prepared via aldol 
reactions between formaldehyde (FA) and another aldehyde. The other 
aldehyde is either propionaldehyde, n-butyraldehyde, i-butyraldehyde or 
acetaldehyde depending on the β-hydroxy aldehyde one wishes to synthesise. 
The produced 2,2-dimethyl-3-hydroxypropion-aldehyde (DHPAL), 2,2-
bis(hydroxymethyl)-propion-aldehyde (BHPAL), 2,2-bis(hydroxy-methyl)-
butyraldehyde (BHBAL) and 2,2-bis(hydroxymethyl)-3-hydroxy propion-
aldehyde (PETAL) are hydroxy aldehyde intermediates used in the chemical 
industry to obtain corresponding polyhydric alcohols called polyols or hydroxy 
acids, as shown in the first steps of the reaction schemes in Appendix 1. The 
aldehyde group of the initial β-hydroxy aldehyde can be reduced by 
formaldehyde in a crossed Cannizzaro reaction leading to the polyol. The 
polyol compound can further be catalytically oxidised to corresponding 
hydroxy carboxylic acids (second step of the reaction schemes in Appendix 1). 
Polyols can also be produced by direct hydrogenation of the β-hydroxy 
aldehyde.  
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1.3. Applications of hydroxy carboxylic acids and polyols  
 
There are no highly reactive β-hydrogens relative to the hydroxyl groups in the 
polyol molecules in this study. Due to the neo-structure and the high steric 
hindrance, the stability of polyols is high compared to, for example, glycols at 
high temperatures. The polyols may undergo several reactions, but the 
commercially most important is esterification, which results in polyol esters. 
Besides used in coating resins, polyol esters are used in synthetic lubricants, 
plasticizers and adhesives. Explosives and multifunctional acrylates and 
methacrylates are other applications. [10]. 
 
In the coating industry speciality alkyd and polyester resins are produced using 
polyols as components.  New coating technologies have been developed to 
enable applications to meet stringent air pollution standards in order to lower 
the amount of volatile organic compounds. New coating systems include 
powder coatings, two-component formulations and radiation cured systems.  
Powder coatings are 100 % solids, which are applied to metal substrates to form 
highly durable and attractive finishes. They are manufactured and applied 
without the use of organic solvents and cured with epoxides, cyanurates or 
isocyanates with heating. [10, 11].  
 
Liquid coatings are high-solid polyesters cured mostly with melamine-
formaldehyde resins in ovens.  Greater branching can be introduced to the 
polyester polyol by the addition of small amounts of triols instead of glycols. 
The polyesters and alkyd coating resins derived from these kinds of polyols 
have excellent hydrolytic-, thermal- and UV-stability, as well as good chemical 
resistivity. The polyol component affects the levelling, drying and 
weatherability of the resin. When used in paints, the surface of the paint has 
high gloss, hardness and durability. [5, 12]. 
 
The polyol esters are used in hydrofluorocarbon and hydrochlorofluorocarbon 
refrigeration systems as synthetic lubricants. As the two compressor gases 
replace ozone-depleting chlorofluorocarbons in refrigeration systems, new 
synthetic lubricants are required because of compatibility issues. The polyol 
esters are also used as lubricants in aviation and automotive applications 
because of improved resistance to oxidation and better thermal stability. 
Hydroxy acids are utilised in lubricating esters, engineering plastics and powder 
coatings in applications where high hydrolytic stability is needed. [10]. 
 
  
 
 
 6 
 
1.4. Reactions in the synthesis of hydroxy aldehydes 
 
Direct analysis of the aldol reaction mixture in this study was quite a 
challenging task, since the reactants, the intermediates and the reaction products 
are all highly reactive. Thus, it is important that the analyst recognises all the 
reactions present in syntheses in order to decide how to treat the samples before 
quantitative analysis.  
 
When the aldol reaction is carried out under base-catalyzed enol- or enolate-
equilibrating conditions, there are several side reactions. Mixed aldol reactions 
often give complex mixtures of products, especially when the two reactants 
have α-hydrogens of comparable acidity and if the two carbonyl groups are of 
comparable electrophilicity. In mixed aldol reactions low amounts of self 
addition products are often obtained. Under some conditions the initially 
formed β-hydroxycarbonyl compound (aldol) undergoes dehydration resulting 
in an α,β-unsaturated carbonyl compound. [6]. 
 
Base catalysed dehydrations occur if a β-hydroxy aldehyde contains α-
hydrogen atoms removable by a base [13]. Such a reaction is expressed in the 
BHPAL or BHBAL synthesis where water is eliminated easily from the 
intermediate compounds 2-hydroxymethyl-propionaldehyde (HMPAL) or 2-
hydroxymethylbutyraldehyde (HMBAL) producing an unsaturated aldehyde, as 
described in Figure 3A. The other way to produce an unsaturated aldehyde is 
when two molecules of propionaldehyde or butyraldehyde react with itself 
producing 2-methyl-2-pentenal or 2-ethyl-2-hexenal, as shown in Figure 3B. 
 
Aliphatic aldehydes with no α-hydrogen react via the Cannizzaro reaction when 
treated with strong bases. In this reaction one molecule of aldehyde oxidises 
another to acid and is itself reduced to the primary alcohol. Aldehydes with an 
α-hydrogen do not react via the Cannizzaro route, because when these 
compounds are treated with a base the aldol addition reaction is much faster. If 
the oxidant aldehyde differs from the reductant aldehyde, the reaction is called a 
crossed Cannizzaro reaction [14]. Examples of crossed Cannizzaro reactions are 
shown in Appendix 1. Some more Cannizzaro reactions present in the DHPAL 
reaction mixtures are presented in Appendix 2. High yields of polyol can be 
obtained from almost any aldehyde by running the Cannizzaro reaction in the 
presence of formaldehyde (FA). In this case the FA reduces the aldehyde to 
alcohol and is itself oxidised to formic acid.  
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R
O R
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OH
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CH2
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OH
R
R
O
R
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PAL/BAL HMPAL/HMBAL AMA/AEA MAA/EAA
+FA -H2O O2
PAL/BAL 2-me-3-hydroxypentanal
2-et-3-hydroxyhexanal
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2-et-2-hexenal
-H2O
2
 
 
 
Figure 3. Reaction schemes for formation of unsaturated compounds. A) Dehydration 
of the intermediates. B) Dehydration of the starting aldehydes, R = CH3 for BHPAL 
and R = CH2CH3 for BHBAL. 
 
 
The self condensation reaction of aldehydes to yield esters is called the 
Tishchenko reaction. In this reaction one molecule is oxidised and another 
reduced, and the final product is an ester. The reaction is usually catalysed by 
metal alkoxides, and the complete absence of water is required. However, 
DHPAL will undergo self-condensation to 3-hydroxy-2,2-dimethylpropyl 3-
hydroxy-2,2-dimethyl propionate ester (DPDP) in the absence of the usual 
catalysts and in the presence of water, as shown in Appendix 2. Heat is all that 
is required and it is difficult to prevent the reaction from taking place if DHPAL 
is heated [15].  
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1.5. Equilibrium reactions of hydroxy aldehydes 
 
There is an equilibrium reaction between the monomeric and dimeric forms of 
hydroxy aldehydes, as described in Figure 4 (papers II, IV) [16-18]. There are 
also different stereoisomers present. The equilibrium of a hydroxy aldehyde 
depends on the physical state of the compound and is shifted towards the 
monomer when melted. After cooling the equilibrium moves slowly back to the 
dimeric form. In solution the equilibrium depends on the solvent and 
temperature [18]. This kind of behaviour is similar to other aldehydes [19-21]. 
At room temperature the equilibrium position is achieved slowly, in water it 
takes about two days. No dissociation of the dimer takes place in solvents with 
a low dielectric constant, such as THF or dioxan. The amount of monomer 
increases when the solution is heated [18]. The hemiacetal dimers of aldehydes 
are extremely resistant to hydrolysis by bases but they can easily be hydrolysed 
by dilute acids to free aldehydes [22]. 
 
OH
O
OH
O
OH
O
O
O
OH
OH
DHPAL
2
DHPAL dimer, acyclic DHPAL dimer, cyclic
OH
OH
O
R R
OH
OH
O
OH
R
OH
O
R
OH
OH
O
O
R
OH
OH
2
polyolaldol dimer, acyclic d im er , cyclic
* *
*
*
*
* *
*
 
Figure 4. Equilibrium reactions of hydroxy aldehydes, R = CH3 for BHPAL and R = 
CH2CH3 for BHBAL, * =  asymmetric carbon atom. 
 
 
In addition to the acetals formed in the reaction of polyolaldols with 
themselves, there are also acetals and hemiacetals formed in the reaction of 
polyolaldols with the starting aldehydes [23, 24]. These acetals and hemiacetals 
can react further through the intramolecular Cannizzaro reaction producing in 
these cases formates, acetates, and butyrates. The structures of the formals and 
formates present in reaction mixtures are described in Appendix 2 and Figure 
5A. Polyol formals can also be formed under the synthesis conditions, as 
described in Figure 5B [25-27]. 
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Figure 5. Structures of polyolaldol or polyol acetals and esters. A) In the case of 
polyolaldols, B) in the case of polyols (R = CH3 for BHPAL, R = CH2CH3 for 
BHBAL, and R = CH2OH for PETAL). 
 
 
1.6. Analysis of synthesis mixtures 
 
1.6.1. Choice of technique 
 
As said in an earlier section on process development (page 3), analytical studies 
of different sensitivity are needed in different stages of process development. 
Methods of high sensitivity are needed when comparing chemical reactions 
caused by catalysts under tests. The catalyst with the highest selectivity and 
conversion is the best candidate. But if one can ensure the presence of even 
minute amounts of some impurities, which are either harmful or difficult to 
purify from the product, a less selective catalyst or synthesis route can be 
chosen.  
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In studies on the reaction kinetics of synthesis mixtures as complex as in this 
study, a method of high resolution or selectivity is needed for reliable 
qualitative and quantitative analysis. High resolution is needed for good 
separation of all the compounds present. Resolution can be changed by altering 
carrier gases, eluents, and columns or by modifying eluent composition and 
column temperatures. If satisfactory resolution cannot be reached, then the 
selectivity of the method can be adjusted by careful selection of the detectors or 
by sample handling procedures, such as extraction or derivatisation. 
 
Because the methods developed in this work were also aimed at being used in 
process control analysis, the analytical techniques of choice are those readily 
applicable to pilot scale process halls or quality control laboratories. GC and 
HPLC are the chromatographic techniques, which satisfy all the requirements 
discussed above, and are quite easily automated for use by laboratory and 
process personnel. 
 
 
1.6.2. Methods for GC and HPLC 
 
Because some of the compounds in this study are highly polar polyhydric 
alcohols or hydroxy carboxylic acids, it was not possible to use GC methods 
without derivatisation. Derivatisation diminishes the polarity of compounds and 
increases the volatility of the high molecular mass compounds. Due to the 
higher volatility lower column temperatures can be used in GC, and thus the 
thermal degradation of compounds is decreased. After derivatisation the peak 
tailing of the polyfunctional compounds is reduced. On the other hand, 
derivatisation should be used for the highly volatile compounds, such as low 
molecular mass aldehydes, to lower their volatility if they were analysed by 
GC. All in all derivatisation of these kinds of compounds improves the 
quantification of a GC method by producing more symmetrical peaks and better 
sensitivity. [28]. 
 
In general, it is thought that GC has a higher resolution and sensitivity 
compared to HPLC. However, in a case where the sample matrix contains both 
highly volatile small compounds (for example formaldehyde and methanol), 
and highly polar polyolic and acidic compounds (such as polyols and hydroxy 
carboxylic acids) the superior versatility of the HPLC technique shows its 
power. This versatility is due to the possibilities in the choices of sample 
preparation, separation mechanisms, columns, eluents and several detectors. In 
addition, the sensitivity and resolution of HPLC are adequate for the process 
development studies. 
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Numerous methods have been published for the analysis of the following 
compound types separately, but only a few papers have been published on the 
simultaneous analysis of all the compounds present in synthesis matrices 
similar to this thesis. Many chromatographic methods have been reported on the 
quantitative analysis of PET oligomer mixtures. GC with acetylation or 
silylation has been widely used [25, 27, 29, 30]. In an aqueous media the 
acetate derivatives are more resistant to hydrolysis compared to the more 
thermal stable silylated derivatives [31]. The sample preparation for the 
conventional silylation procedure involves first the removal of the 
formaldehyde and water by evaporation in order to prevent the formation of 
formals during analysis. Alternatively formaldehyde can be precipitated from 
the sample during oximation and after that the PET-oxime oligomers are 
silylated with hexamethyl disilane which is more stable than trimethylsilyl ether 
derivatives when water is present [27]. If the hydrolysis of the silyl derivative is 
a problem, a method of peralkylation to produce alkyl ethers of PET can be 
used. The PET derivatives are then extracted with chloroform and dried for the 
analysis by GC [32]. The PET oligomers can be analysed as acetate esters after 
direct treatment with acetic anhydride. No extraction before GC analysis is then 
needed and the PET formals can be hydrolysed using an acid catalyst in 
derivatisation [25]. 
 
When analysing DHPAL by GC the dimeric forms of DHPAL were shifted to a 
monomeric form by the formation of the oxime derivatives. The total amount of  
DHPAL was determined by the trimethylsilyl derivative of the corresponding 
oxime [23]. As described above quantitative analysis by GC is possible when 
the different types of hydroxy aldehyde and polyol compounds and their 
relative structural ratios is determined using derivatisation. GC methods without 
derivatisation are useful for alcohols, polyols and aldehydes in EHPD samples, 
but then the acids can not be analysed [33, 34]. In another GC method without 
derivatisation, for analysing hydrolysis products of polyester resins after 
saponification, two columns have been used, one for EHPD and glycol and the 
other for adipic acid [35]. 
 
Derivatisation of selected compounds has also been used for the HPLC 
analysis. PET and PET dimers were analysed after nitric acid derivatisation [36] 
or acetylation [31]. A direct method for the analysis of sample mixtures without 
derivatisation and extraction steps would be ideal. Indeed, HPLC without 
derivatisation has been utilised for the separation of various polyols. Mixtures 
containing PET were analysed with water as eluent by RP-HPLC using RI 
detection [37-39]. RP-HPLC with a 0.35 M borate buffer at pH 7 was used to 
analyse EHPD in reaction solutions with a RI detection [40]. Both PET 
oligomers and EHPD were analysed using water as eluent, a RI detector and 
either C18 or silica and C18 as columns, respectively [41]. PET among other 
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polyols has been analysed by a radially compressed silica column with 
tetraethylene-pentamine modified water/ACN as eluent using a RI detector 
[42]. HPLC with a cation-exchange column and 0.05 M sulphuric acid as eluent 
has been used for different kind of aldehydes, alcohols and acids with a RI 
detector [43] and an on-line coupled LC-GC for different methyl esters [44]. 
 
Only a few papers were found in the literature where all the compounds in 
synthesis mixtures similar to this work were analysed by HPLC. One paper for 
EHPD synthesis mixtures by RP-HPLC using a C2 column, isocratically with 
water/MeOH 70/30 vol.%/vol.% as eluent and RI as the detector [24]. 
However, in that method it has not been taken into account that in the direct 
analysis by HPLC one has to optimise the sample concentration and pH to such 
a level that hydroxy aldehydes and polyol formals can be determined 
quantitatively. The other method using DNPH derivatisation and the isocratic 
RP-HPLC with acidic water/4 % ACN as eluent has been developed in our 
laboratory. In that method both RI and UV detectors were used in series. The 
method was applied to consequent studies of catalyst selection and kinetic 
studies for MHPD and EHPD process development to analyse polyols and acids 
together with a GC method for alcohols [7-9]. 
 
 
1.6.3. Derivatisation in HPLC  
 
In method development derivatisation is needed to analyse the purity of the 
aldehyde and hydroxy aldehyde standards. When analysing aldol reaction 
mixtures one has to take into account the reactivity of the compounds in order 
to stop the base catalysed aldol reactions. In addition, the equilibrium reactions 
between the hydroxy aldehyde hemiacetals need special attention in the sample 
preparation in order to get reliable quantitative results. 
 
The aliphatic aldehydes and ketones do not show any significant UV 
absorbance or fluorescence, therefore several derivatisation procedures have 
been introduced. Fluorescent derivatives can be prepared by using different 
reagents, such as 2-diphenylacetyl-1,3-indandione-1-hydrazone [47-49], 
cyclohexane-1,3-dione [50], or dansylhydrazine (5-(dimethylamino)naphtalene-
1-sulfo-hydrazide) [51,52]. Conventionally, when analysing these mixtures the 
equilibrium has been quenched by oxime-trimethylsilyl derivatisation [23], or 
shifted to monomeric hydroxy aldehyde by phenylhydrazone or lutidine 
derivatisation of the carbonyl group [45, 46].  
 
The most widely used method involves HPLC analysis of aldehydes and 
ketones as their DNPH derivatives with ultraviolet (UV) detection [53-59]. This 
method which was initially applied to measuring aldehydes and ketones in 
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ambient air in the early 70s [60-62] has been improved by using a diode array 
detector (DAD) to enhance the analytical selectivity together with the 
identification of the resolved compounds [63-65]. In more recent works, 
LC/mass spectrometry applications have been developed for the identification 
and structure confirmation of aldehydes and ketones as their DNPH derivatives 
[66-68]. 
 
DNPH derivatisation to produce solid calibration compounds of the hydroxy 
aldehydes is not so straightforward as in the case of aliphatic aldehydes, 
because of the possibility of numerous side reactions in derivatisation. The acid 
or base catalysed dehydration reactions [69] do not interfere with the 
determination of the β-hydroxy aldehydes used in this study, due to the absence 
of α-hydrogen. The formation of cyclic or oligomeric acetals typical for β-
hydroxy aldehydes is minimised under the acidic derivatisation conditions [22].  
 
The purity of the prepared hydrazone derivatives can be analysed by melting 
point determination. The acid or base catalysed dehydration reactions, as well 
as the reported rearrangement reactions of the derivatives of unsaturated 
aldehydes [69, 71] may interfere with the melting point determination by the 
differential scanning calorimetry (DSC) of the side reaction products of 
BHPAL and BHBAL: 2-hydroxymethyl propionaldehyde (HPAL), 2-
hydroxymethyl butyraldehyde (HBAL), 2-methyl-2-propenal (α-
methylacrolein, AMA) and 2-ethyl-2-propenal (α-ethylacrolein, AEA). 
Unsaturated aldehydes are not formed in the reaction mixtures containing 
DHPAL, if nBAL is not present as an impurity. 
 
 
1.6.4. NMR studies 
 
NMR spectroscopic methods can be used for the detection and identification of 
the reaction products and intermediates present in the samples. Conventional 1H 
and 13C NMR techniques and chemical shift assignments based on the literature 
can be used in the analysis of those aldehydes and polyols where reference 
compounds are available. However, the analysis of hydroxy aldehydes and 
some intermediate compounds in the reaction mixtures is not as easy because of 
the lack of reference compounds. Purification of other hydroxy aldehydes other 
than DHPAL for structural studies from synthesis mixtures is quite difficult 
because they are not crystalline but highly viscous products. Fractional 
distillation can be used to obtain concentrated solutions of these aldehydes. 
DHPAL can be separated after recrystallisations. 
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The structural studies of hydroxy aldehydes are also complicated by the 
phenomenon that the structure of these compounds depends on the experimental 
conditions and on the physical state of the compound. In addition to monomeric 
hydroxy aldehyde two kinds of dimeric acetals may be present in the samples. 
These dimeric acetals may have several stereoisomeric forms. All these 
structural features are detectable in NMR analysis and numerous signals are 
found in the NMR spectrum. 
 
Only a couple of papers were found in the literature where the structure of 
hydroxy aldehydes or some intermediate products in synthesis mixtures 
producing hydroxy aldehydes were determined by NMR without derivatisation. 
The structures of monomeric and dimeric DHPAL have been studied 
thoroughly using 100 MHz 1H NMR and tetramethylsilane as the internal 
standard. Self prepared crystalline samples were studied at different 
temperatures. Peak assignments were supported on the studies of 1,3-dioxane 
compounds [18]. In another study BHBAL was separated from a synthesis 
mixture by liquid column chromatography and analysed by 1H NMR in 
dimethyl sulphoxide (DMSO), or by 13C NMR in CD3OD as the solvent [17]. In 
that paper there were some inaccuracies in signal assignments. Furthermore, no 
support was found in the literature for the proposed structure of BHBAL under 
the conditions explained. In a more recent work the presence of BHBAL and α-
ethyl acrolein (2-ethyl propenal) in synthesis mixture producing BHBAL was 
confirmed by 500 MHz 1H NMR and 13C NMR studies. Samples were dissolved 
in DMSO-d6 and tetramethylsilane was used as the internal standard. The 
chemical shift assignments were based on literature data. Due to several 
overlapping peaks two dimensional (1H-1H correlated) NMR spectra were used 
to support the identification. The studies were concentrated on self aldolisation 
reactions of butyraldehyde and no signal assignments were given for BHBAL 
[8]. 
 
In this study NMR spectroscopy was applied to confirm the structure of β-
hydroxy aldehydes and their DNPH-derivatives, the melting points of which 
could not be found in the literature to support the compound identity. In 
addition to structural studies, NMR spectroscopy was also used when the 
behaviour of hydroxy aldehydes under HPLC and GC conditions was studied. 
Because all the compounds present were analysed quantitatively, it was very 
important to confirm how the sample pre-treatment techniques effected the 
quantitative results. The behaviour of DHPAL was studied by 1H NMR. 13C 
NMR was used for structure determination and behaviour studies of a steam 
distilled BHBAL solution in water. Solid state NMR was used in the structure 
determination of the solid BHBAL-DNPH derivatives. 
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1.7. Aims of the study 
 
The aim of this study was to develop analytical methods to be used in process 
optimisation of aldol reactions and reactions where hydroxy aldehydes were 
oxidised to hydroxy carboxylic acids. The techniques of choice are those, which 
can also readily be used in quality control laboratories. In the methods the 
sample preparation should be as simple and easy as possible in order to 
maximise the cost effectiveness of the analysis, and to minimise the steps in 
sample preparation. 
 
Specifically, the aims of the research were: 
 
- To prepare suitable reference standards for the quantitative analysis of 
aldehydes and especially of β-hydroxy aldehydes (paper I). 
- To develop a RP-HPLC method for determining the purity of the 
aldehyde/DNPH-compounds, aldehydes and hydroxy aldehydes (paper I). 
- To study the behaviour of the hydroxy aldehyde acetals by NMR under 
conditions used in the HPLC analysis in order to select the proper sample 
pretreatment methods and eluents for the HPLC analysis (papers II, IV). 
- To develop a method to analyse quantitatively all the compounds in 
hydroxy aldehyde synthesis matrices with minimal sample preparation 
(papers II – V). 
- To simplify the analytical procedures in each of the four different syntheses 
cases to one instrument (papers III -V). 
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2. EXPERIMENTAL 
 
2.1. Reagents and materials 
 
The water used in HPLC and sample preparation was deionized and further 
purified via a Milli-Q Water System (Millipore). Acetonitrile (ACN) and 
methanol (MeOH) were HPLC grades. The other reagents and reference 
compounds were either p.a. quality or prepared in different laboratories 
specially for these purposes as specified in the original papers I –V. 
 
 
2.2. Standard and sample preparation 
 
2.2.1. Preparation of  aldehyde-DNPH derivatives and solutions of these for 
HPLC analysis (paper I) 
 
Hydrazone standards of all the other aldehydes except hydroxy aldehydes were 
prepared by the method described by Shriner et al. [72]. In this method 4 g of 
DNPH was dissolved in 20 ml of concentrated sulphuric acid and then added to 
a solution of 28 ml of water in 100 ml of absolute ethanol. About 1.5 g of each 
aliphatic aldehyde was dissolved in 60 ml of 95 % ethanol, then 50 ml of the 
above prepared acidic DNPH-solution was added. In the case of DHPAL about 
1.0 g was dissolved in 60 ml of 95 % ethanol and 2 ml of concentrated 
sulphuric acid, then 50 ml of the above prepared DNPH-solution in sulphuric 
acid was added. The prepicitated DNPH-derivatives were filtered off by 
suction on black ribbon filter paper and the hydrazones were recrystallised 
from ethanol. 
 
A new method for derivatisation was used for the hydroxy aldehydes BHPAL 
and BHBAL. Because no commercial reference substances were available, the 
final synthesis products of BHPAL or BHBAL were concentrated in a rotary 
evaporator and the residual FA, IBAL or PAL were steam distilled in order to 
achieve as pure a hydroxy aldehyde as possible. The hydroxy aldehyde 
concentration was then about 10 %. 12 g of steam distilled hydroxy aldehyde 
solution, 2 ml of concentrated phosphoric acid and 200 ml of absolute ethanol 
was mixed and heated to 55 °C. Approximately 3 g of DNPH was added 
slowly over 2 hours to the hot solution under magnetic stirring. The solution 
obtained was purged with nitrogen and concentrated to 100 ml. About 50 ml of 
water was added and a bright yellow precipitate was allowed to settle in the 
refrigerator over the weekend. The precipitated DNPH derivative was filtered 
off by suction on black ribbon filter paper and the product was recrystallised 
from a 2/1 water/ethanol-mixture. The derivative was dried in a vacuum 
desiccator. 
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The calibration solutions for HPLC analysis of the solid DNPH derivatives 
were prepared by weighing 25 mg of each standard into a 100 ml volumetric 
flask and filled to the mark with ACN. The stock solutions were diluted further 
to different concentrations just prior to use, so that the solutions contained a 50  
vol.% water/50 vol.% ACN. The aldehyde concentration of the standard 
solutions was calculated using Equation 1 and molar masses from Table 2. 
 
(Eq. 1)      aldehyde (mg/l) = purity % *  _ Mw (aldehyde)__  *  aldehyde-DNPH (mg/l) 
          Mw (aldehyde-DNPH) 
 
The derivatising agent for samples was prepared by dissolving 7.6 g of DNPH 
in 500 ml of ACN in a 500-ml volumetric flask. The solution was kept in an 
ultrasonic bath for 20 min to obtain a saturated solution. Samples for the 
DNPH method were prepared by weighing a 100 mg portion of sample solution 
prepared for the direct HPLC methods into a 100 ml volumetric flask with 20 - 
30 ml of DNPH solution and 1 ml of concentrated phosphoric acid. After one 
hour the flask was filled to the mark with 50 vol.% water/50 vol.% ACN. The 
sample solution was diluted further 50 fold with 50 vol.% water/50 vol.% ACN 
and filtered through a 0.45 µm Millex HV filter for analysis. 
 
 
2.2.2.  Preparation of standards and samples for HPLC methods without 
derivatisation and for a GC method 
 
In the RP-HPLC method where compounds associated with DHPAL synthesis 
were determined all the other standards except DHPAL were prepared in 0.01 
M sulphuric acid. DHPAL was first dissolved in a small amount of ACN and 
after dissolution diluted to the mark with 0.01 M H2SO4. Bottles were kept in 
an ultrasonic bath to help dissolution and diluted further to different 
concentrations for calibration. 100 - 300 mg of samples were collected directly 
into sample bottles in which 2 ml of ACN and 5 or 8 ml of 0.01 M sulphuric 
acid were weighed beforehand. The samples were diluted further 10, 5 or 2 
fold for DHPAL analysis depending on the DHPAL concentration in the 
sample. (papers II, III). 
 
An adequate amount of each standard was weighed into a volumetric flask in 
the RP-HPLC method where compounds associated with hydroxy acids BHPA 
or BHBA syntheses were analysed. The acid standards were filled to the mark 
with ultra pure water, the pH of which was adjusted to 2.3 with concentrated 
phosphoric acid. The aldehyde and alcohol standards were filled to the mark 
with ultra pure water, the pH of which was adjusted to 2.3 with concentrated 
phosphoric acid and methanol until the standards dissolved. The stock 
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solutions were diluted further to different concentrations with 90  vol.% pH 2.3 
water/10 vol.% methanol for method calibration. Samples were prepared by 
accurately weighing about 100 - 300 mg of the reaction mixture into a 20-ml 
vial, 12 ml of 90 vol.% pH 2.3 water/10 vol.% methanol was added. The total 
mass was weighed. The sample was diluted further 10 - 100 fold with 90 vol.% 
pH 2.3 water/10 vol.% methanol for the analysis of hydroxy aldehydes, 
hydroxy acids and unsaturated aldehydes depending on the concentrations of 
these compounds. (paper IV). 
 
In the HPLC method where the compounds associated with hydroxy acids 
BHPA or PET syntheses were determined the standards were prepared by 
weighing an adequate amount of each standard into a volumetric flask. The 
PAL standard was prepared with 0.005 M sulphuric acid and ACN was added 
until the solution was homogeneous. The PAL and acid standards were filled to 
the mark with 0.005 M sulphuric acid. The stock solutions were diluted further 
from three to five different concentrations with 0.005 M sulphuric acid for 
method calibration. Samples were prepared by accurately weighing about 50 - 
100 mg of the reaction mixture into a 20-ml volumetric flask and filled to the 
mark with 0.005 M sulphuric acid. The sample was diluted further 10 fold with 
0.005 M sulphuric acid for the analysis of hydroxy aldehydes, hydroxy acids, 
and unsaturated aldehydes. (paper V). 
 
In the GC method where compounds associated with DHPAL synthesis were 
determined the standards were prepared in a 80 vol.% water/20 vol.% ACN 
mixture and diluted further to four or six different concentrations for 
calibration. An internal standard method was used for quantification. 100 mg 
of the sample was collected in 10 ml of the mixture of 80 vol.% water/20 vol.% 
ACN which contained internal standards. Ethanol was used as the internal 
standard for the more volatile compounds: MeOH, IBAL and IBuOH, and 1,2-
butandiol was used for the other compounds. (paper II). 
 
The summary of the chromatographic methods used for the analysis of 
different compounds studied in this work is shown in Appendix 3. 
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2.3. Apparatus and methods 
 
In this study several methods were used for the characterisation and the 
analysis of compounds from four different synthesis matrices. The summary of 
the methods used and the compounds analysed are shown in Appendices 3 and 
4. 
 
2.3.1. HPLC analysis  
 
The DNPH derivatives were analysed by a HPLC method with water and 
acetonitrile as eluents, from now on called a DNPH method. The samples from 
the DHPAL case were analysed using acidic water and acetonitrile as eluents, 
from now on called a DHPAL method. The samples from the BHPAL or 
BHBAL cases were analysed with acidic water and methanol as eluents, from 
now on called a hydroxy acid method. All the other compounds except 
aliphatic aldehydes were determined by a gradient programmed method using 
UV/vis and RI detectors in series. Aldehydes were determined as their 2,4-
DNPH derivatives using a UV/vis detector. A column switch was used when 
different columns and detectors were selected. The samples from the reaction 
mixtures of PET ot BHPA were analysed by isocratic conditions with only an 
aqueous acidic eluent using both C18 and ion exchange columns in series in 
order to obtain a separation of the compounds present, from now on called a 
PET method. In all the HPLC methods Hewlett-Packard model 1090 liquid 
chromatographs with two column switching valves were used. The acidic water 
was prepared in ultra pure water and the pH was adjusted to 2.3 with 
concentrated phosphoric acid. An Uppchurch prefilter with a 0.45 µm pore size 
was installed before the column. The detailed description of the methods used 
is presented in Table 1. 
 
A diode array detector with a detection wavelength of 210 nm and a reference 
wavelength of 550 nm was used in the DHPAL, hydroxy acid and PET 
methods. The detection wavelength was 360 nm and the reference wavelength 
550 nm in the DNPH method. Peak spectra were scanned from 190 to 400 nm 
for the compound identification in all cases. The refractive index detector HP 
A1047 (with sensitivity range 1 x 10-5 RIU) or the Waters 410 RI detector 
(with sensitivity 4 or 16) at 40 °C was in series with the UV detector. The RI 
detector was switched to the pass-by position during gradient steps and during 
DNPH determinations by a Waters switching valve P/N 60057. The 
constructions of apparatus are presented in Figure 6. Two six-port switching 
valves were used to select the columns and detectors for the different methods. 
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Column switch 1 in HPLC used to select either LiChrosorb or Nova-Pak column separately 
(papers I-IV). Referred to as apparatus A in Table 1. 
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Column switch 1 in HPLC used to select either both the C18 and cation-exchange (CE) 
columns for sample runs or only C18 for column activation (paper V). Referred to as apparatus 
B in Table 1.  
 
Figure 6. Construction of the HPLC apparatus used in this study.
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Table 1. HPLC methods used in the study. In the DHPAL and hydroxy acid methods the upper ones are for the analysis of DNPH-
derivatives and the lower ones for the analysis without derivatisation. 
 
Method Eluents Columns Flow Temp. Inj. Detector Det.λ Apparatus
ml/min °C µl nm
DNPH A water Waters Nova-Pak C18 1.0 40 5 DAD, 6 mm 360 A
B  ACN 150-4 mm, 4 um
Gradient: time/min 0 2 10 15
% B 40 40 98 98
DHPAL A water pH 2.3/8 % ACN Waters Nova-Pak C18 1.0 36 5 DAD, 10 mm 360 A
B  ACN 150-4 mm, 4 um
Gradient: time/min 0 2 10 15
% B 32 32 90 90
A water pH 2.3/8 % ACN Merck LiChrosorb RP-18 1.0 36 5 RI, sens 4
B  ACN 250-4 mm, 5 um DAD, 10 mm 210
Gradient: time/min 0 13 14 20 21 26
% B 0 0 34 34 98 98
Hydroxy A water pH 2.3/10 % MeOH Merck LiChrosorb RP-18 1.0 40 5 DAD, 10 mm 360 A
acid B MeOH 250-4 mm, 5 um
Gradient: time/min 0 2 10 15
% B 30 30 88 88
A water pH 2.3/10 % MeOH Merck LiChrosorb RP-18 1.0 40 10 RI, range 1e-5
B MeOH 250-4 mm, 5 um DAD, 10 mm 210
Gradient: time/min 0 15 16 27 29 34
% B 0 0 34 34 98 98
PET A H2SO4  0.005 M Luna C18 150 - 4.6 mm, 3 um 0.65 60 10 RI, sens16 B
 + DAD, 10 mm 210
InterActive ARH-601 sulphonic acid 100-6 mm
Isocratic: BHPA time/min 30
PET time/min 15
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2.3.2. GC analysis 
 
GC analyses in the DHPAL case were performed with a Hewlett Packard 6890 
gas chromatograph equipped with a split/splitless injector and a flame 
ionisation detector. The column was a DB-WAX (J&W) 30 m x 0.32 mm fused 
silica capillary column with 0.5 µm film thickness. Helium was used as a 
carrier gas set at 7.0 psi (constant pressure) getting nominal initial flow 1.3 
ml/min and 24 cm/sec average velocity. The oven temperature profile was 60 °
C (2 min.) - 10 °C/min - 100 °C (0 min.) - 2 °C/min - 180 °C (0 min.) - 15 
°C/min - 240 °C (10 min) giving 60 min as a run time. The temperature of the 
injector was 200 °C and of the detector 250 °C (paper II). 
 
 
2.3.3. DSC for melting point determination 
 
The melting points of the solid DNPH-aldehyde standards were determined 
using a Mettler DSC 30 differential scanning calorimeter under a nitrogen 
atmosphere. The sample amount was 5 mg and the heating rate was either 10 
°C/min or 5 °C/min (paper I). 
 
 
2.3.4.  1H NMR for DHPAL acetals 
 
1H NMR spectra were recorded on a Varian Unity 500 spectrometer operating 
at 500 MHz 1H frequency. Samples were dissolved in D2O and referenced to 
the residual water signal (4.70 ppm at 30 °C, and 4.18 ppm at 80 °C). When 
testing the behaviour of DHPAL as a function of pH, the D2O solution was 
acidified with HCl (paper II). 
 
 
2.3.5.  13C NMR for BHBAL acetals 
 
13C NMR spectra were all run with a Chemagnetics CMX400 Infinity NMR 
spectrometer operating at 400 MHz 1H frequency. DMSO was used as the 
solvent. The spectra were acquired with 1H decoupling and using a 45° 13C 
pulse, a 2 s recycle delay, and around 2000 transients. The spectra were zero 
filled twice and Fourier transformed with 2 Hz line broadening. When testing 
the behaviour of BHBAL as a function of pH, the DMSO solution was diluted 
with water and acidified with HCl (paper IV).  
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2.3.6. Solid state 13C NMR for BHBAL-DNPH derivative 
 
The structures of the BHBAL-DNPH derivatives were characterised with a 
solid state NMR spectrometer using a Chemagnetics CMX Infinity 
spectrometer operating at 270 MHz 1H frequency. The cross polarisation magic 
angle spinning (CPMAS) experiment was carried out using 65 kHz r.f. fields 
on both channels and a contact time of 2 ms was used. The recycle delay was 5 
seconds, and around 1000 - 2000 transients were acquired. The dipolar 
dephasing experiments were carried out with a dipolar dephasing delay of 50 µ
s. This experiment was the same as the CPMAS experiment except that 
acquisition of the free induction decay was carried out after a 50 µs window 
after the contact pulse during which the decoupler was turned off [73]. (paper 
I). 
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3. RESULTS AND DISCUSSION 
 
When analysing reaction mixtures containing numerous compounds which 
react with one another, one has to specify the objectives of the analysis. In 
literature many papers have been published for the analysis of different polyols 
or polyol oligomers [25, 27, 29-42]. Some studies have also been performed 
for analysing β-hydroxy aldehydes [23], polyolaldol hemiacetals and acetals 
[23, 24], or polyol formals [25-27] present in samples. Derivatisation in sample 
preparation was used to quench the equilibrium of these compounds. Only two 
isocratic methods have been found in the literature for the analysis of all the 
compounds present in aldol condensation solutions [7-9, 24]. 
 
In the method development in this work the analytical procedures were 
optimised so that the intermediate products formed in sample matrices were 
hydrolysed before the analysis. This was done in order to optimise the aldol 
condensation syntheses and processes to yield the optimum amount of hydroxy 
aldehydes. These will be hydrogenated in the later steps to produce polyols. In 
the hydrogenation the intermediate compounds will be broken down to the 
corresponding alcohols. Thus, in these studies the amount of intermediate 
products formed in sample solutions and their relative ratios does not play as 
important a role as the amount of hydroxy aldehydes, aldehydes and acids 
present in the original samples. In order to be able to determine all the main 
compounds present in the samples quantitatively, one has to find out which 
reactions may take place in the samples and how these reactions can be 
prevented from happening. Only after that consideration could the possibilities 
of the sample preparation procedures and conditions in the HPLC and GC 
methods be chosen. 
 
 
3.1. Reactions and structures 
 
3.1.1. Equilibrium reactions of DHPAL studied by 1H NMR 
 
Special attention was paid to the analysis of DHPAL, the structure of which 
was determined by 1H NMR under different experimental conditions. The 
purpose was to determine the reactions of this kind of acetals in different 
solvent matrices, pH´s and sample concentrations which were tested in the 
HPLC sample preparation and analysis.  
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1H NMR was used in the studies to establish how to analyse DHPAL in 
aqueous sample solutions. About 1 % (wt./vol.) solutions were prepared and 
the spectra were recorded at different temperatures and pH´s. It is clear from 
the 1H NMR spectrum recorded in D2O at 30 °C in Figure 7A, that there is only 
one aldehyde group present in the sample, so an acyclic dimer DHPAL 
structure is discounted. According to the 1H NMR spectrum, the equilibrium is 
towards a cyclic dimer in D2O solution at room temperature. Only very small 
signals due to monomeric aldehyde structures were detected. Complete peak 
assignments for the cyclic dimer were not easy to make, due to the presence of 
four enantiomers presenting two pairs of diastereomers. (paper II). 
 
When the sample was heated to 80 °C the equilibrium was shifted to the 
monomeric aldehyde (Figure 7B). This could be confirmed by the increased 
intensity of the aldehyde signal at 9.5 ppm, and by the absence of the acetal 
signals at about 4.5 ppm. In addition, there were no multiple signals due to 
methyl goups of the dimeric acetals at about 1 ppm, and due to CH2-OH groups 
at 3.5 ppm. The reaction was totally reversible: when a new spectrum was 
measured at room temperature three hours after heating, the dimeric structures 
of DHPAL were detected again. In acidic D2O at 40 °C the DHPAL was totally 
converted to the monomeric aldehyde, as shown in Figure 8. Narrow signals 
similar to those found in the heated sample in Figure 7B were obtained. (paper 
II). 
 
According to the NMR studies the dimeric DHPAL acetals, which are stable 
under basic reaction conditions, can easily be shifted to free monomeric 
aldehyde by dilute acids or by heating. The result supports the information 
obtained in the literature [22, 25] concerning the behaviour of acetals in dilute 
acidic solutions. (paper II). 
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Figure 7.   B) 1H NMR spectrum of DHPAL in D2O at 80 °C.  
A) 1H NMR spectrum of DHPAL in D2O at 30 °C.  
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Figure 8. 1H NMR spectrum of DHPAL dissolved in acidic D2O and heated to 40 °C. 
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3.1.2. Structure of BHBAL studied by 13C NMR 
 
As in the case of DHPAL, other polyolaldols also tend to form cyclic or 
polymeric acetals (dimers, trimers or oligomers), which are difficult to separate 
from each other for quantitative analysis without derivatisation because of the 
equilibrium reactions. In Figure 4 (page 8) the acetal formation reactions of the 
polyolaldols BHPAL and BHBAL are presented. The acetal structures of 
BHBAL from dimerisation or trimerisation through aldehyde groups as 
proposed by Cairati et al. [17] are shown in Figure 9. (paper IV). 
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Figure 9. Acetal structures proposed in the literature [17]. 
 
 
The structures in Figure 9 are typical for low molecular mass aliphatic 
aldehydes only, and are not formed under aqueous basic synthesis conditions. 
Therefore the more stable dimer structures presented in Figure 4 are suggested 
instead. Those hemiacetals of hydroxy aldehydes are formed by the addition 
reaction of a hydroxyl group to a carbonyl carbon. (paper IV).  
 
It is well established by the steric analysis of 1,3-dioxan and its derivatives that 
the 1,3-dioxans exit in a chair conformation which is much more stable than 
the boat structure [74-76].  Consequently, the configurational and 
conformational isomers of the BHBAL cyclic dimers are those shown in Figure 
10. The energetically preferred conformation (> 95 %) of 2-alkyl substituted 
1,3-dioxan has the alkyl substituent in the equatorial position [77]. Considering 
the nature of the alkyl substituent of BHBAL, it can be deduced that the 
isomers exit predominantly as structures 1, 2, 3 and 4 as shown in Figure 10.  
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Figure 10. Conformational isomers of BHBAL dimers. The energetically preferred 
structures are those where the bulky _C(CH2OH)2 CH2CH3 substituent is in the 
equatorial position. There are two  –OCHO- carbons (marked with ♦) and two 
quaternary carbons (marked with °). 
 
 
In order to confirm the postulated structure of BHBAL the hydroxy aldehyde 
intermediate of two reaction mixtures A and B were analysed by 13C NMR. 
Sample A was one year old, and sample B was a freshly steam distilled one. 
Both gave similar spectra. The 13C NMR spectrum of one year old BHBAL A 
is shown in Figure 11. As can be seen there are several characteristic signal 
areas depending on the chemical groups present in the sample. The identity of 
each area was confirmed by DEPT experiments (not shown). The signals 
marked with an asterisk (*) are due to the monomeric BHBAL, which was 
ensured from the increased intensity of the signals of a dilute and acidic sample 
run by 13C NMR. (paper IV). 
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Figure 11. 13C NMR spectrum of BHBAL from the one year old reaction mixture A: 
signals marked with * are from the monomer  (paper IV). 
 
 
Figure 12. Expansions of the 13C NMR spectra of products from the one year old 
BHBAL mixture A (paper IV) and a freshly distilled BHBAL mixture B over the 
areas 93 to 105 ppm (-OCHO- carbons) and 41 to 48 ppm (quaternary carbons). Four 
isomer structures give four sets of two peaks 1- 4 under these areas.  
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For each chemical group present in the spectrum there are several peaks 
present. Thus, it seems likely that there are several isomers present in the 
sample. If the OCHO- and quaternary carbon areas are examined in more 
detail it appears that there are four sets of two peaks for both the –OCHO- and 
quaternary carbons. Figure 12 shows expansions of the –OCHO- and 
quaternary carbon areas for the two reaction mixtures A and B. From the 
change in intensities of the peaks between the samples one can see which pairs 
of peaks are grouped together. These different pairs are labelled as 1-4 and 
represent the four different isomers present. (paper IV). 
 
From this data it is highly unlikely that the product is the cyclic trimer as 
shown in Figure 9 since this would probably only give one isomer with all the -
C(CH2OH)2 CH2CH3 groups in the equatorial position. There are also –OCH2- 
type groups present (66 - 72 ppm) which would not be present in the cyclic 
trimer. Thus, it is more likely that BHBAL exists in the form of a cyclic dimer. 
This structure has three asymmetric carbon atoms which gives eight 
stereoisomers. In the most stable structures the very bulky _C(CH2OH)2 
CH2CH3 group is in the equatorial position and the -OH and –CH2OH groups 
are either in the axial or in equatorial positions, as shown in Figure 10. These 
four isomers have two –OCHO_ and two quaternary carbons, which would 
explain the presence of the four sets of two peaks in the –OCHO- and 
quaternary areas in the 13C NMR spectra. (paper IV). 
 
The –OCH2- group area should only have four peaks present, but there are 
more than this. This is probably due to side reactions of the hydrated FA with 
the primary alcohol groups as follows: 
 
-CH2OH    +    HOCH2OH  → -CH2OCH2OH  +  H2O 
 
This would then give peaks in the –OCH2- area. The –CH2OH, -CH2- and -CH3 
group areas have too many overlapping peaks to draw any conclusions from. 
(paper IV). 
 
The acyclic dimer is ruled out because it has two chiral centres and thus two 
possible pairs of diastereomers with one _OCHO_ and two quaternary carbons. 
This would give rise to a maximum of two peaks in the _OCHO_ area and four 
in the quaternary carbon area. A small amount of this may be present since an 
extra aldehyde carbon was observed in the NMR spectra but the main species 
appears to be the cyclic dimer. The structure of BHPAL is assumed to be 
similar to that of BHBAL, since the only difference in the structure is the 
length of the aliphatic side group, as described in Figure 4. (paper IV). 
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3.1.3. Derivatisation reactions and identification of the structure of the solid 
BHBAL-DNPH derivative 
 
Due to the quite complicated sample matrix, it was decided to make solid 
derivatives of the aldehyde compounds of interest, in order to obtain selectively 
very pure standard materials for the further studies. Hydrochloric acid has been 
used as an acidifying agent in DNPH derivatisation [70, 78-82]. Sulphuric acid 
was chosen for these studies in order to prevent the corrosion of the HPLC 
apparatus due to acid traces and also to avoid the formation of the 2,4-DNPH 
hydrochloride side product in derivatisation [70]. It would be difficult to 
separate this solid impurity from the main product used as standard in later 
studies.   
 
The DNPH derivatives of aliphatic aldehydes were made with a DNPH reagent 
dissolved in concentrated sulphuric acid by the conventional method [72]. This 
method was modified for hydroxy aldehyde DHPAL. Less aldehyde compared 
to the amount used in the conventional method was used. In addition, a small 
amount of sulphuric acid in ethanol was used in the preparation of the DHPAL-
DNPH derivative in order to ensure that the molecule was mainly in the 
monomeric form before the addition of the DNPH reagent in the concentrated 
sulphuric acid. (paper I).    
 
The sulphuric acid method was not suitable for the preparation of derivatives of 
BHPAL and BHBAL even though a modified version worked for DHPAL. The 
BHBAL-DNPH precipitate obtained using the conventional method contained 
an insoluble part, which was separated from the ACN solution and dried. The 
precipitate was analysed by solid state NMR. From the NMR spectrum it 
seemed likely that the main component in the sample was like acyclic BHBAL, 
and since it was insoluble it was tentatively assigned to the following long 
chain oligomer structure shown in Figure 13. (paper I).  
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Figure 13. Acetal structures of BHBAL (paper I). 
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In order to avoid the formation of oligomeric side products in the DNPH 
derivatisation a new derivatisation procedure was developed (paper I). In the 
method developed in this work for the preparation of BHPAL and BHBAL 
hydrazone derivatives it was expected that at elevated temperatures [18, 59] 
and under dilute acidic conditions [22, 25] the amount of monomer would be 
high compared to that of cyclic dimers (papers II, IV). This was ensured by 
making the solutions dilute, slightly acidic and by heating the solution during 
derivatisation. The DNPH reagent was added little by little to this hot solution 
acidified with phosphorus acid. Hydroxy aldehydes can be derivatised 
quantitatively because the reaction equilibrium lies on the side of the monomer, 
which is continuously consumed by the added DNPH. The identity of the 
derivative was ensured by NMR. (paper I).  
 
Phosphoric acid was chosen for the acid catalyst in the solid standard 
preparation in the BHPAL and BHBAL cases for three reasons. Firstly, it is 
also used when reaction sample solutions are prepared. Secondly, it is not such 
a strong acid to catalyse the oligomerisation of hydroxy aldehydes as sulphuric 
acid is. And thirdly, it is commonly used in the analysis of aldehydes and 
ketones in gaseous emissions [81, 83]. The molar amount of added DNPH was 
less than that of the estimated amount of hydroxy aldehyde, thus all unreacted 
compounds could be washed away during the recrystallisation step with an 
ethanol/water mixture. Over 60 % water and the cooling of the sample in a 
refrigerator for a long time was needed in recrystallisation. Because the 
recovery of the derivatisation was quite low and because the products were not 
easy to precipitate, the derivatives were not purified to a constant melting point 
by repeatable recrystallisations [60]. Other derivatisation procedures, such as 
derivatisation using diglyme solutions of DNPH [69], suitable for compounds 
which could show dehydration during derivatisation were not tested because 
there are no α-hydrogens in these hydroxy aldehydes.  
 
The CPMAS and dipolar dephased spectra of the BHBAL-derivative obtained 
under mild phosphoric acid conditions are shown in Figure 14. The dipolar 
dephased spectrum reveals only methyl groups, or those carbons which do not 
have H’s directly bonded to them. Details of this experiment can be found 
elsewhere [73]. Since there are basically five signals in the aliphatic area and 
seven peaks in the aromatic area the structure of BHBAL-DNPH is assumed. 
The signal assignments are as shown in Figure 14. Characteristic is the             
-CH=N- group signal at 160 ppm. The absence of signals at 90 - 100 ppm 
shows that there are no -O-CH2-O- structures in the molecule. Therefore, it can 
be concluded that DNPH has not reacted with the acyclic BHBAL- dimer. 
(paper I). 
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Figure 14. 13C CPMAS and dipolar dephased spectra of BHBAL-DNPH. Peak 
assignments as shown in the structure. The –CH3 peak without assignment might be a 
BHPAL-DNPH impurity from sample preparation. Spinning aromatic side bands 7, 1, 
and 6 are marked with *. (paper I). 
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3.2. Determination of aldehydes and hydroxy aldehydes as their 2,4-DNPH 
derivatives 
 
3.2.1. Purity determination of hydrazone derivatives 
 
The purity of the dried, solid hydrazone derivatives were tested by determining 
the melting points with DSC. The impurities present in a sample cause melting 
point depression. If the melting endotherms are sharp and consist of only one 
peak, one can assume that the derivatives are quite pure. Pure derivatives can 
be used as standards in HPLC methods. On the other hand, by comparing the 
melting point to that of the corresponding derivative in the literature one can 
rely on the fact that the derivative is the intended one. The melting points of the 
derivatives prepared in this work are collected in Table 2, except for 
unsaturated aldehydes which after one recrystallisation degrade or undergo 
several rearrangement reactions before melting [69, 84]. The results agree well 
with the values obtained in the literature [16, 85].  
 
 
Table 2. Melting points of the recrystallised DNPH derivatives, molecular 
masses and HPLC purity of the compounds. 
_______________________________________________________________ 
Standard Tm °C  Tm °C  Mw g/mol     Mw g/mol       Purity % 
 Determ. literature [85] aldehyde     ald-DNPH ___by HPLC 
 
formaldehyde 165.8 167  30.03  210.17  99.9 
propionaldehyde 155.0 155  58.08  238.22  99.8 
 
n-butyraldehyde 120.6 123  72.11  252.25  99.9 
isobutyraldehyde 185.3 187  72.09  252.25  99.9 
 
α-methylacroleina -  206  70.09  250.23  99.5 
α-ethylacroleinb -  237-238 84.12  264.26  98.9 
 
 
2-ethylhexanal 116.8 120  128.21  308.35  99.8 
DHPAL 189.5 191-192 [16]  102.13  282.27  99.0 
      
BHPAL 164.7 -  118.13  298.27  93.4 
BHBAL 145.1 -  132.16  312.30  91.2 
 
DNPH  - -  (198.14) 
_____________________________________________________________________ 
a 2-methylpropenal b 2-ethylpropenal 
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The melting behaviour of DHPAL-DNPH derivatives prepared by the 
conventional Shriner’s [72] method and the method with pre-added sulphuric 
acid are compared in Figure 15. No sharp melting point can be detected in the 
derivative prepared by the conventional method. Instead, the once 
recrystallised derivative prepared by the developed method under mild 
sulphuric acid conditions melts sharply at 189.5 °C, which is quite close to the 
value 191-192 °C obtained in the literature [16]. Even though showing 
different melting behaviour, the HPLC chromatograms of the both DHPAL 
derivatives were identical. (paper I). 
 
 
 
 
Figure 15.  DSC melting curves at 10 °C/min of DHPAL-DNPH derivatives: A) 
melting point is 153.2 °C when concentrated sulphuric acid was used in derivatisation, 
B) melting point is 189.5 °C with pre-added sulphuric acid (paper I). 
B
A
Temperature 
Temperature 
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The melting points of BHPAL-, and BHBAL-DNPH derivatives recrystallized 
from ethanol/water mixture were determined by DSC. The second melting 
endotherms are shown in Figure 16A and 16B. From the melting endotherms it 
can be concluded either that the BHPAL derivative was crystallised in different 
crystal forms, or that some rearragement reactions took place during melting. 
The different crystal forms can be explained by the phenomenon that the 
DNPH derivatives of aldehydes easily show polymorphism if there are foreign 
impurities present in the samples [69]. The BHPAL and BHBAL samples 
contained 7-9 % impurities, this may be a reasonable cause for the formation of 
different crystals during precipitation. Another explanation may be, that the 
traces of acids used in derivatisation can cause syn-anti isomerisation reactions 
during melting if not thoroughly washed away from the samples with 5 % 
sodium bicarbonate [84]. Dehydration during melting [84] is not probable for 
these β-hydroxy aldehydes because of the absence of an α-hydrogen.  
 
 
 
 
Figure 16. Typical second DSC melting curves at 5 °C/min: A) melting point is 164.7 
°C  for BHPAL-DNPH derivative and B) 145.1 °C BHBAL-DNPH derivative 
prepared by the developed derivatisation method under mild phosphoric acid 
conditions.  
A
B
Temperature 
Temperature 
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The main melting point of BHPAL-DNPH is 164.7 °C and of BHBAL-DNPH 
145.1 °C. The melting behaviour of BHPAL-DNPH could not be optimised in 
DSC by cooling and reheating the compound, since the sample obviously cold 
crystallised when cooled. However, the melting points of BHPAL-, and 
BHBAL-DNPH derivatives are published for the first time in this thesis in 
Table 2. Because the derivatisation worked quite well for BHBAL, it is highly 
probable that one can obtain a purer derivative also from freshly distilled 
BHPAL after purification of the acids and by several recrystallizations.  
 
The derivatisation of α,β-unsaturated aldehydes α-methyl acrolein (AMA) and 
α-ethyl acrolein (AEA) with 2,4-DNPH is more complicated. The 
rearragement of a hydrazone with the double bond to form pyrazolines may 
happen [69]. This reaction is shown in Figure 17. The hydrazone derivatives of 
the unsaturated aldehydes prepared in this work showed no sharp melting, but 
still eluted as one quite pure peak in HPLC as expressed in Table 2. 
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Figure 17.  Rearragement reaction of the hydrazone of unsaturated aldehyde to form 
pyrazoline during melting in DSC [69]. R= CH3 for AMA and R= CH2CH3 for AEA. 
 
 
Since the nature and identity of the derivatives cannot be ensured by the 
melting points alone, the purity of all prepared hydrazone derivatives were also 
checked by HPLC. Water/ACN solutions of each derivative as well as reagent 
blanks were analysed. The purities were determined by subtracting the peak 
area percentages of impurities from 100 % because the UV response of the 
aldehyde-DNPH derivatives are quite equal [60, 86, 87]. The HPLC purities 
are collected in Table 2. Both the DSC melting endotherms and the HPLC 
purities were in agreement: if the purity of the DNPH derivative was low, also 
its DSC melting endotherm was broad. 
 
 
3.2.2. Optimisation of HPLC separations of DNPH derivatives 
 
In this work the DNPH method was used to analyse the purity of the 
aldehyde/DNPH –standards and also the purity of aldehydes used later as 
standards in other developed HPLC methods without derivatisation. The 
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chromatographic conditions were not optimised so that the cis- and trans- 
isomers of the DNPH derivatives could be separated. If these isomers, or other 
derivatives with the same carbon number need to be separated, one has to use 
methods with a ternary eluent mixture [81-83, 88, 89]. 
 
 
 
 
 
Figure 18. Chromatograms of aldehyde-DNPH compounds. 
A) DNPH method for all aldehydes: Eluent A water, B ACN, column Nova-Pak 15 cm 
(paper I) 
B) DHPAL method:  Eluent A water pH 2.3 with 8 % ACN, B ACN, column Nova-
Pak 15 cm (paper III) 
C) Hydroxy acid method: Eluent A water pH 2.3 with 10 % MeOH, B MeOH, column 
LiChrosorb 25 cm. Other conditions as those in Table I. 
A
B 
C 
 39 
In the DNPH method the retention times of different aldehydes were 
determined first with isocratic conditions using 35 vol.%/65 vol.% water/ACN 
as eluent. No separation was obtained for DHPAL and formaldehyde. Using 60 
vol.%/40 vol.%  water/ACN a better resolution was obtained, but the retention 
times of the other aldehydes were quite long and the peaks broad. The gradient 
method using 60 vol.%/40 vol.%  water/ACN to 2 vol.%/98 vol.% water/ACN 
in 10 minutes gave the best resolution for the early eluting hydroxy aldehydes 
and for the late eluting aliphatic aldehydes, as shown in Figure 18A (paper I).  
 
The method was further developed to be used with pre-prepared eluent 
mixtures: either 8 % ACN (paper III) or 10 % MeOH, in ultrapure water the pH 
of which was adjusted to 2.3 with phosphoric acid. These methods are those 
referred to as the DHPAL method and hydroxy acid method in Table 1. These 
methods are quite similar to those used in studies of reaction kinetics with 4 % 
ACN in acidic water as eluent [7-9]. The chromatograms of ACN methods 
were quite similar (Figures 18A and 18B). The elution order of the early 
eluting compounds was changed in a hydroxy acid method where MeOH was 
used as eluent with a longer column. In that case a better retention of hydroxy 
aldehydes was obtained and they eluted well separated from the DNPH. By 
using a longer column and MeOH as eluent, the cis- and trans-isomers of the 
DNPH derivatives [68, 88] were separated after the main peak, as shown in 
Figure 18C. 
 
For asymmetrical aldehyde-DNPH compounds cis- and trans-isomers may 
exist over the double bond between the nitrogen and carbon atoms in the 
hydrazone molecule DNPH-N=CHR1 (see for example, Figures 17 or 19). 
Depending on the nature of the substituent R1 and the reaction conditions one 
or both isomers are stable. If both isomers are stable they may coelute by virtue 
of having very similar chromatographic properties. The stability of the isomer 
depends on the substituents electronic and steric effects and for the cis-isomer, 
on the possibility of hydrogen bonding between the 2,4-DNPH and R1 
substituents [68]. 
 
In this work the idea was to analyse all the compounds present in four sample 
matrices by using one HPLC instrument in each case. Even though different 
HPLC methods were used for derivatives and compounds without 
derivatisation, the same eluent constitution was applied to both methods. The 
separate C18 column for DNPH derivatives was used in order to avoid 
precipitation of excess DNPH reagent on the C18 column used in the direct 
method. The resolution of the direct method should be high for the adequate 
quantification of the resolved compounds. If the DNPH was precipitated on the 
C18 column a poor resolution could be expected. 
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3.2.3. Preparation of hydrazone samples for HPLC analysis 
 
The samples from synthesis were collected in an acidic solution. ACN or 
MeOH was added to keep the sample soluble during the storage time before 
analysis (papers II, IV). 50 % of water in ACN was used in dilution of 
standards and samples in the DNPH method to enhance the peak resolution and 
peak height in a chromatogram [88, 90]. ACN as an injection solution was too 
strong a solvent compared to the highly aqueous eluent causing a part of the 
sample to coelute with it. The peaks eluting were thus very broad and their 
intensity was low. The water content of 60 % which was used in the eluent was 
not used in sample and standard preparation, because some DNPH-derivatives 
tended to precipitate out from solutions having such a high water content 
(paper I). 
 
The derivatisation reaction of an aldehyde or a ketone with DNPH is an 
addition reaction followed by dehydration, as shown in Figure 19. Although 
the reaction is acid catalysed at moderate pH, at higher acid concentrations the 
rate diminishes with increasing acid concentration because basic DNPH is 
itself protonated by acid [91]. At moderate acid concentrations free DNPH is 
available, and yet enough acid is also available to catalyse the reaction. The 
reaction rate increases with decreasing pH, and a large excess of the DNPH-
reagent is needed to shift the equilibrium of the reaction to the side of the 
derivative [92].  
 
Thus a high concentration of phosphoric acid was used in the sample 
preparation and the presence of free DNPH was required to ensure these 
requirements. The time needed for the derivatisation reaction varies from 30 
min to 1 h depending on the pH and the aldehyde [90, 92]. In this study a 
reaction time of 60 min was used, since the presence of a hydroxyl group may 
sterically hinder the reaction of 2,4-DNPH with the aldehyde carbonyl (paper 
I). 
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Figure 19. Derivatisation reaction of an aldehyde and DNPH. 
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The DNPH derivatives were stable when prepared in an ACN solution and 
stored in the refrigerator, as explained in most of the articles in the literature 
[64, 67, 68, 70, 80, 81, 88, 90]. Addition of water either in dilution of the stock 
standard solution or in the sample preparation caused the derivatives to 
decompose relatively quickly, because the higher water content shifts the 
equilibrium of the reaction to the side of the reactants. The decomposition is 
not significant during the HPLC analysis even with the high water content of 
the eluent because of the short analysis time of 15 min. In this work all the 
standards and samples were prepared in ACN, even in cases where MeOH was 
used as eluent. This is because standards prepared in MeOH were reported to 
have lowering intensities with time [82]. 
 
 
3.3. Determination of the composition of reaction mixtures without 
derivatisation 
 
In literature some HPLC methods [31-44] have been described for the 
separation of specific compounds in reaction mixtures. The methods were 
isocratic and a RI detector was used. All the compounds present in EHPD 
samples [24] have been determined isocratically with a RI detector. Both RI 
and UV detectors were used for BHPAL and BHBAL samples in the method 
developed earlier in our laboratory [7–9]. No method was found for the  
analysis of all the compounds present in PET samples. In this study RI and UV 
detectors were used in series in order to detect all possible compounds present 
in the similar samples described above. The resolution of the HPLC method 
was improved by the selectivity of the UV detector when poorly resolved 
compounds were quantified. The RI detector could be used in a stepwise 
gradient elution. It was switched to the pass-by position after the first step 
when the compounds determined only by the RI detector were eluted. 
 
 
3.3.1 Optimisation of direct RP-HPLC methods 
 
Different amounts of ACN in eluent were tested in order to get a satisfactory 
resolution for IBuCOOH and MAA in the DHPAL method (paper II). Since the 
results were quite poor, the temperature was varied from 35 to 50 °C. The best 
separation was achieved using isocratic conditions of 8 % ACN for 13 min and 
a temperature of 36 °C. Changing the temperature caused the IBuCOOH and 
MAA peaks to overlap. A gradient profile in elution was optimised so that the 
signal of the RI detector was not affected until the compounds of interest were 
eluted (paper III). The absorptivity of MAA was high, so the small amount of 
this impurity gave a relatively high peak in the UV signal. The intensity of the 
MAA peak eluting just in front of the IBuOH peak was quite low in the RI 
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signal (Figure 20). Because peak heights were used in quantification, the 
amount of IBuOH could be determined reliably. It was not possible to 
determine FA by the direct DHPAL method because it eluted under the ACN 
peak. In Figure 20 typical chromatograms obtained by RI and UV/vis detectors 
for a standard mixture are represented, and in Figure 18B the aldehyde 
standards as their DNPH derivatives. 
 
Figure 20. Chromatograms of the standard mixture in the DHPAL method. A) RI 
detector B) UV detector. Conditions as those in Table I. 
 
 
Both ACN and MeOH were tested as eluents for the hydroxy acid method 
(paper IV). The advantages of ACN were low back pressure, better response 
both in UV and RI detectors for compounds of interest and low reactivity. 
Unfortunately, the ACN which was added in the sample preparation procedure 
partially overlapped the MHPD signal at the RI detector. The problem could 
not be avoided either by changing the composition of the eluent from 2 to 10 % 
ACN or by column temperature adjustments. On the other hand even slight 
changes in ACN concentration in the eluent (due to eluent preparation and a He 
purge during long run sequences) interfered with the MHPD peak in the 
chromatogram. For these reasons methanol was selected as the eluent. Also in 
the method by Cairati et al. [24] 30 % MeOH in water was used as the eluent. 
However, the eluent was not made acidic and the sample preparation was not 
optimised, thus that method should be considered merely as a qualitative one. 
A 
B 
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In the RP-HPLC methods the small or polar compounds in the BHPA samples 
elute from the column very rapidly: MeOH, HCOOH, MHPD, BHPA and 
BHPAL all elute in the retention range 2.6 - 3.4 min (Figure 21). It was not 
possible to obtain a baseline separation for these compounds with the tested 
columns. The position of the gradient step was selected so that butanol and 
butyraldehyde present in the BHBAL samples could be analysed by the RI 
detector (Figure 22). For BHBA samples the resolution of the early eluting 
compounds was clearly better. When using the RP-HPLC methods the elution 
order of the more polar polyol compounds containing at least two hydroxyl 
groups was polyol, hydroxy carboxylic acid and hydroxy aldehyde. The elution 
order of the less polar compounds was carboxylic acid, alcohol and aldehyde. 
In Figures 21 and 22 typical chromatograms obtained by RI and UV/vis 
detectors for standard mixtures are presented, and in Figure 18C the aldehyde 
standards as DNPH derivatives. By the direct hydroxy acid method it was not 
possible to determine FA which eluted under the MeOH peak. In the method of 
Cairati et al. [24] when a more polar C2 column was used the FA peak was 
separated from the MeOH peak. 
 
 
Figure 21. HPLC chromatograms of the standard mixture in the BHPA case. Two 
gradient steps were used. A) RI detector B) UV detector (paper IV). 
A 
B 
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Figure 22. HPLC chromatograms of the standard mixture in the BHBA case. Three 
gradient steps were used. A) RI detector B) UV detector (paper IV). 
 
 
The DHPAL and hydroxy acid methods described above for quantitative 
analysis of all the compounds in the aldol reactions of formaldehyde with 
propionaldehyde, butyraldehyde or isobutyraldehyde to produce polyols or 
hydroxyacids could be combined into one HPLC instrument. All the other 
compounds other than aliphatic aldehydes were determined by a gradient 
programmed method using UV/vis and RI detectors in series. Aldehydes were 
determined as their 2,4-DNPH derivatives using a UV/vis detector. The 
selection between different columns and detectors was made with two column 
switches, as shown in Figure 6 apparatus A. Two columns were used because 
the DNPH tended to precipitate on the column thus lowering the resolution 
capacity of the column used for the compounds which were difficult to 
separate.  
 
A 
B 
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No separation was achieved for PET and PETA with several octadecyl 
columns tested. The resolution of MHPD and BHPA was not enhanced either. 
Because of the high polarity of the compounds, more polar CN and NH2 
columns were tested in reversed phase mode, too. It was not possible to use 
normal phase NH2, silica or alumina columns, because PET and PETA did not 
dissolve in any common organic solvents typically used as eluents in NP-
HPLC applications. (paper V). 
 
In the PET method (paper V) PET/PETA and MHPD/BHPA/BHPAL analyses 
were tested with an InterAction cation-exchange polymeric column which is 
designed specifically for separating organic acids, alcohols, sugars and 
aldehydes with only acidic water as eluent, as in the method of Pecina et al. 
[43]. The cation-exchange column based on sulphonic acid functionality 
worked rather well for PET and PETA, so the HPLC method was optimised 
with both Luna C18 and Interaction ARH-601 in series. Neither of the columns 
were capable of baseline separation of PETA from HCOOH, FA from 
HCOOH, or MHPD from BHPAL if used alone. But a combination of both 
columns in series allowed one to analyse all the compounds present in the 
samples by simple sample preparation, one HPLC instrument and relatively 
cheap eluents. A C18 column was installed before the cation-exchange column 
in order to retain the hydrocarbons present in the sample solutions. The most 
polar compounds were completely separated with the cation-exchange column. 
The C18 column was activated and washed after sample sequences with 98% 
ACN. During washing periods both the RI detector and the cation-exchange 
column were switched to the pass-by position, as shown in Figure 6 apparatus 
B. (paper V). 
 
A relatively high column temperature of 60 °C was needed to obtain a reduced 
retention time, higher separation efficiency, and lower column pressure. 
Cation-exchange columns stand even higher temperatures up to 90 °C, but 60 °
C is already often critical for the C18 column. In the method 0.005 M H2SO4 at 
pH 2.1 was used as eluent. The flow rate of 0.65 ml/min was optimal for 
separation of PETA from HCOOH. High flow rates accelerate analysis at the 
expense of resolution; lower flow rates result in improved resolution but 
slightly longer analysis time. At the lowest flow rates maximun column 
separation efficiencies are achieved. Even though the RI signal of PETA case 
is not ideal, the compounds can be analysed quantitatively by using the peak 
heights. 
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When using both a C18 and a cation-exchange column in series the retention 
times of the small compounds were vastly increased. They eluted from the 
columns in order the FA, HCOOH and MeOH. The elution order of the more 
polar polyol compounds containing at least two hydroxyl groups was changed 
compared to the RP-HPLC case, being: hydroxy carboxylic acid, polyol, and 
hydroxy aldehyde. The elution order of the less polar compounds was changed 
as well, being: carboxylic acid, aldehyde and alcohol. In Figure 23 a typical 
chromatogram of a BHPA standard mixture and in Figure 24 a chromatogram 
of a PETA standard mixture are shown. In the PET method developed here no 
derivatisation or toxic reagents [31] were needed for the separation of the 
oxidation products of monopentaerythritol. Because the retention of alcohols 
and polyols with the cation-exchange column was superior when compared to 
the C18 column, it was also possible to determine FA without derivatisation by 
using combined columns. 
Figure 23. HPLC chromatograms of the standard mixture in the BHPA case. A) RI 
detector B) UV detector. (The high amount of ACN needed in dissolving PAL 
standard overlaps in this example the MHPD and BHPAL signals badly. Normally 
ACN is not used in sample preparation and the peaks are adequately resolved.) 
Conditions as those in Table I. 
A 
B 
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Figure 24. HPLC chromatograms of the standard mixture in the PETA case. A) RI 
detector B) UV detector (paper V). 
 
 
3.3.2. Sample preparation for HPLC analysis 
 
In sample preparation one has to take into account the equilibrium reactions of 
hydroxy aldehydes, hydroxy carboxylic acids, and other compounds in order to 
get reliable quantitative results. Acidic conditions in sample preparation is 
needed for various reasons. Firstly, in order to change all the acidic compounds 
from an ionic form to free acids detectable by the UV detector. Secondly, when 
studying the reaction kinetics one can stop the base catalysed aldol reactions by 
adjusting the pH to the acidic side (paper II). Thirdly, the equilibrium of the 
hydroxy aldehyde hemiacetals, and the hemiacetals formed from the reactant 
aldehydes and the low molecular mass alcohols can be shifted quantitatively to 
the side of the monomers (papers II, IV). And finally, the polyolaldol formals 
and formates described in Figure 5 are hydrolysed to the corresponding acids, 
aldehydes, and polyols for analysis (paper IV). The hydroxy aldehydes also 
tend to elute as narrower peaks under the more acidic conditions (paper V). 
 
 
A 
B 
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As explained earlier, the equilibrium position of the various hydroxy aldehyde 
reactions are achieved slowly. In water the reaction of DHPAL takes about two 
days [18]. The dilute acidic solutions of BHPAL and BHBAL must stand at 
room temperature overnight for the equilibrium of the acetals to set down 
totally to the monomers. If the samples were analysed too soon after dilution, 
the peak of the analysed hydroxy aldehyde was noticeably smaller than for the 
same sample, which was left to stabilise overnight before the quantitative 
analysis. Similar behaviour was observed for the hydroxy carboxylic acids 
(paper IV). The time needed for a DHPAL sample to reach an equilibrium 
where all the aldehyde was in monomeric form was a lot shorter: only 1.5 h 
was needed for a dilute acidic DHPAL sample to equilibrate before 
quantitative analysis (paper II). 
 
 
3.3.3. Calibration of HPLC methods  
 
The linearity of calibration lines in HPLC methods were tested by analysing a 
series of diluted standards. In the DNPH method (papers I, III) the amount of 
water in standard dilution must be about 50 % to avoid peak broadening and to 
enhance the linearity of the calibration lines. The linearity of the DNPH 
calibration lines of aliphatic aldehydes were excellent even for very intensive 
peaks near 1000 mAU, the calibration lines of hydroxy aldehydes tended to be 
curved at higher concentrations. 
 
In the developed HPLC methods acids, hydroxy carboxylic acids, unsaturated 
aldehydes, and hydroxy aldehydes were analysed using a diodearray detector. 
Polyols, alcohols and aldehydes were analysed quantitatively using a RI 
detector. Concentrated samples were used for detecting the low concentrations 
of acids by an UV detector and compounds which could be seen only by a RI 
detector. Diluted samples were needed for hydroxy aldehydes, hydroxy 
carboxylic acids and unsaturated aldehydes because the equilibrium reactions 
have to be at the side of the monomers, or to set the peak intensities to the 
linear part of the calibration. 
 
The linearity of the calibration lines based on peak heights were good only for 
formic and propionic acids. The calibrations based on peak heights of other 
compounds were more or less curved, because the polarity of the compounds 
cause peak broadening when standards of high concentration were analysed. 
The calibration line of DHPAL was curved even at low concentration levels. 
The linearity of the DHPAL calibration curve was tested using both the peak 
heights and the peak areas. Because the results were quite similar, the peak 
height was selected for further quantification, which also helped the 
quantification of the compounds where baseline separation was not obtained. 
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The calibration was carried out using a quadratic function passing through the 
origin. Examples of DHPAL calibration are shown in Figure 25 and the effect 
of calibration on the results in Table 3. The most precise results were those 
obtained by the following calibration settings: quadratic curve fit passing 
through the origin with the low concentration level calibration. This calibration 
curve goes nicely through the measured points as shown in Figure 25.  
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Figure 25. HPLC calibration curves for DHPAL: A) high concentration levels, B) low 
concentration levels: ( ____________) measured,( ____  _  _  ___ ) linear origin forced,( _ _ _ _  ) 
quadratic origin forced. 
 
 
Table 3. Influence of calibration settings on quantitative results: a diluted sample 
analysed with different calibration settings. 
_________________________________________________________________ 
Sample amount Absorbance DHPAL, wt.%      DHPAL, wt.%           DHPAL, wt.% 
         wt.% mAU   quadratic, origin   quadratic, no origin    linear, origin 
 
0.026   0.071 66.14   65.97   65.82 
0.044   5.160 64.96   64.89   66.72 
0.074   8.658 65.04   65.02   67.60 
0.098 11.409 65.11   65.10   67.62 
0.113 12.972 65.04   65.04   67.42 
0.258 28.423 65.60   65.60   65.20 
 
Mean   65.15   65.13   66.91 
 
SD   0.2300   0.2448   0.9166 
RSD%   0.3530   0.3758   1.3698 
_________________________________________________________________ 
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The lowest sample amount of 0.026 wt.% with an absorbance of 0.071 mAU 
was obviously too dilute, and the highest sample amount of 0.258 wt.% with 
28.423 mAU absorption was not diluted enough to give quantitatively reliable 
results. The tests showed that the DHPAL samples must be analysed under 
acidic conditions and diluted until the absorbance was between 5 to 25 mAU 
with the HPLC device used to get the most reliable results (papers II, III). 
 
 
3.4. Compound identification in HPLC runs 
 
The UV spectra of the standards were collected and stored in the library of the 
HPLC instrument. With the DNPH method one could separate the peaks eluted 
in the samples into five groups by comparing the UV/vis-spectra: 
formaldehyde, saturated aldehyde, aromatic aldehyde, aldehyde with 
conjugated double bonds, and aldehyde with conjugated triple bonds (paper I) 
[65]. The spectra are shown in Figure 26, and the absorption maxima and 
minima are summarised in Table 4. The saturated aldehydes and hydroxy 
aldehydes gave almost identical spectra. In the chromatogram the retention 
times increased with increasing chain length. The unsaturated aldehyde eluted 
slightly earlier than a saturated aldehyde with the same carbon number. The 
highly polar hydroxy aldehydes eluted very fast as shown in Figure 19. 
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Figure 26. Typical UV spectra of DNPH derivatives - from left to right the max at 
about 360 nm: 1. formaldehyde, 2. saturated aldehyde, 3. hydroxy aldehyde, and 4. 
unsaturated aldehyde. Absorbance intensity normalised and expressed in mAU units. 
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With DHPAL, hydroxy acid and PET methods one can separate the compounds 
in the samples into five groups by comparing the UV/vis-spectra: hydroxy 
aldehyde, carboxylic acid, unsaturated carboxylic acid, hydroxy carboxylic 
acid, and unsaturated aldehydes (paper IV). The examples of the UV/vis 
spectra of different compounds are presented in Figure 27 and summarised in 
Table 4. Carboxylic acid and unsaturated acid gave the same absorption 
maximum at 210 nm, but the UV spectrum of the unsaturated acid is somewhat 
narrower. The absorption maximums of unsaturated aldehydes were shifted to 
higher wavelengths and the position of the absorption maximum depended on 
the compound. 
 
Absorbance (mAU)
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Figure 27. Typical UV spectra of the different compound types - from left to right the 
max at below 250 nm: 1. hydroxy aldehyde, 2. carboxylic acid, 3. unsaturated 
carboxylic acid,  4. hydroxy carboxylic acid, and  unsaturated aldehydes 5. AEA and 
6. 2-methyl-2-pentenal. Absorbance intensity normalised and expressed in mAU units. 
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Table 4. Summary of maximum and minimum absorption wavelengths in 
water/ACN solutions for different compound types. 
____________________________________________________________ 
Compound   λ max   λ min         
   nm    nm                               
 
Aldehyde-DNPH 
1 formaldehyde   225, 265, 355  295 
2 saturated aldehyde  225, 275, 365  295 
3 hydroxy aldehyde  225, 275, 365  295 
4 unsaturated aldehyde  210, 255, 285, 373 310 
 
Pure compound 
1 hydroxy aldehyde  190, 290  230 
2 carboxylic acid  205   245 
3 unsaturated carboxylic acid 208   245 
4 hydroxy carboxylic acid 190, 212  200, 250 
5 unsaturated aldehydes 
 AEA   220   250 
 2-methyl-2-pentenal 235   265 
_____________________________________________________________ 
 
 
3.5. Reliability of results obtained by different methods 
 
The reliability of the DHPAL results obtained by the developed non-
derivatisation methods was evaluated by analysing a series of samples from 
one laboratory experiment. The results were compared to those obtained by the 
DNPH derivatisation method. These results were the most reliable, because 
under the dilute and acidic derivatisation conditions dimeric DHPAL acetals 
were changed to monomeric aldehyde which reacts with the DNPH reagent. In 
the end DHPAL quantitatively formed a hydrazone derivative and no dimeric 
acetals were left in the sample. The results are collected in Table 5.  
 
The t-test for independent sample means was used to statistically analyse if 
there is a significant difference between the means of the three sets of the two 
methods [93]. Because the variances of the DHPAL results are almost equal 
the two-tailed t-test for equal variance was used. The 95% critical value was 
tcrit = 2.179 for twelve degrees of freedom. This exceeded the calculated value 
of t = 0.022 for DHPAL and GC methods, t = 0.087 for GC and DNPH 
methods, and t = 0.107 for DHPAL and DNPH methods. The p-values were 
0.98, 0.93 and 0.92, respectively. All p-values were higher than 0.05, therefore 
it can be concluded that there is not a statistically significant difference 
between the means obtained by the three methods. DHPAL can be determined 
 53 
equally by either methods, and the sample preparation for HPLC is highly 
reliable. 
 
 
Table 5. Comparison of DHPAL results obtained by different methods. 
Samples with growing DHPAL concentration analysed once by each method. 
Sample preparation conditions were those as explained in the experimental 
section. Results in wt.%. 
_______________________________________________________________ 
 
DHPAL      
  DHPAL GC DNPH 
    0.26   0.20   0.11 
    1.38   1.68   1.27 
    6.71   7.13   6.93 
   10.31  11.18  11.53 
   17.89  18.31  19.63 
   22.57  22.54  23.17 
   26.76  25.67  27.48 
Mean   12.27  12.39  12.07 
Variance  107.54 101.14 116.62 
_____________________________________________________________ 
 
 
The results obtained by the GC method, by the DNPH method and by the 
DHPAL method with combined UV and RI detectors are collected in Table 6A 
(paper III). The first sample was from an aldol addition reaction and it was 
used as a feed for the second sample in DMPD production. Previously (in 
paper II) the alcohols, IBAL and esters were determined by GC; acids, hydroxy 
carboxylic acids and hydroxy aldehydes by HPLC; and FA as its DNPH 
derivative (paper I). There are slight but not significant differences between the 
results obtained for DHPAL and DMPD by the GC and HPLC methods. If one 
compares the GC results of the feed and the product with one another and the 
HPLC results with one another, one can note that all the aldehydes present in 
the feed are converted to the corresponding alcohols, as was ment by the 
synthesis. Thus, the analysis is quite reliable.  
 
In addition to the compounds FA, HCOOH, IBuCOOH, DHPAL, DHPA, and 
DPDP determined this far by HPLC, one can determine also MeOH, IBuOH, 
IBAL and DMPD by the DHPAL method. The results show, that all the 
compounds analysed previously by the three different instruments and methods 
can now be analysed by one HPLC instrument and by two methods. The 
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sample preparation is divided into two parts, since derivatisation is needed for 
aliphatic aldehydes. The analysis of hydroxy carboxylic acid synthesis 
mixtures can be performed in a similar manner using one HPLC instrument and 
two methods with MeOH as eluent. 
 
To test the reliability of the hydroxy acid method a BHPAL and a BHBAL 
sample were also analysed by a DNPH method, as presented in Table 7A. The 
t-test for independent sample means was used to analyse statistically if there is 
a significant difference between the means of the two methods [93]. Because 
the standard deviations of the BHPAL results were different the two-tailed t-
test for unequal variance was used. The 95 % critical value was tcrit = 2.447 for 
six degrees of freedom. This was less than the calculated value of 5.086. The p-
value 0.002 was less than 0.05. Therefore it can be concluded that there is a 
statistically significant difference between the means obtained by the two 
methods. Either the samples in the hydroxy carboxylic acid method were still 
too concentrated (Table 7A) for reliable results; or there was some systematic 
error in the quantitative analysis of the BHPAL peak eluting as a shoulder of 
BHPA in the chromatogram.  
 
The two-tailed t-test of difference between independent sample means with 
equal variances was used in the BHBAL case. The 95% critical value tcrit = 
2.306 for eight degrees of freedom exceeded the calculated value of t = 1.197 
(p = 0.27), thus it can be concluded that there is no significant difference 
between the means or the results given by the two methods. In the BHBAL 
case the sample preparation was nearly optimal in the hydroxy carboxylic acid 
method, even though there was a high amount of hydroxy aldehyde present in 
BHBAL sample. (paper IV). 
 
The reliability of the PET method was evaluated by analysing one BHPA 
sample by other methods. Aldehydes were analysed by the DNPH method and 
MHPD by a GC method. The results of different methods are compared in 
Table 6B. It was not possible to evaluate the PET/PETA results, because there 
is no other method to compare the results to. It can be noted that it is possible 
to determine all the main compounds present in the BHPA sample by the 
developed PET method, and that the results are quite similar to those obtained 
by the two other methods.  
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Table 6. Comparison of results obtained by different methods. Results in wt.%. 
__________________________________________________________________ 
A) Results of DHPAL analysis performed with a GC method, HPLC method and 
the developed DHPAL method with both UV/vis and RI detectors and with DNPH 
derivatisation (paper III). 
 
Feed     Product 
Compound GC HPLC   DHPAL  GC HPLC DHPAL 
   UV   DNPH  UV/RI   UV DNPH UV/RI 
FA  - -   0.46  -  - - 0.01 - 
MeOH  49.99 -   -  48.26  49.84 - - 48.98 
HCOOH - 0.06   -  0.00  - 0.04 - 0.00 
IBAL  4.05 -   4.70  3.20  0.01 - 0.03 - 
IBuOH  0.00 -   -  0.00  4.59 - - 4.50 
IBuCOOH - 0.00   -  0.03  - 0.00 - 0.00 
DHPAL 36.03 31.70   32.90  33.63  0.14 0.13 0.16 0.10 
DMPD  0.22 -   -  0.15  35.87 - - 34.56 
DHPA  - 0.04   -  0.12  - 0.01 - 0.01 
DPDP  0.28 0.20   -  0.20  0.49 0.25 - 0.26 
DMPD-mIBA 0.10 -   -  0.16  0.11 - - 0.21 
 
Total % 90.67 32.00   38.06  85.75  91.05 0.43 0.20 88.62 
 
 
B) Results of BHPA analysis performed with the developed PET method with 
both UV/vis and RI detectors, with DNPH method and with a GC method 
(paper V). 
 
Compound  PET method  DNPH method GC 
   UV/RI   UV      
 
HCOOH  0.001   -   -  
MeOH   8.05   -   -  
FA   1.68   1.78   -  
 
BHPA   0.60   -   -  
MHPD   1.70   -   2.0  
BHPAL  28.39   28.37   -  
 
PrCOOH  0.57   -   -  
PrOH   0.00   -   -  
PAL   1.08   1.08   -  
AMA   0.70   0.73   -  
MAA   0.02   -   -  
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3.6. Precision of methods 
 
The precision of the DNPH method was tested by analysing a BHPAL 
synthesis sample and a concentrated BHBAL synthesis sample five times, as 
shown in Table 7B. The method was quite precise for all the main compounds 
and for the other side compounds with the exception of AEA, whose 
concentration was too low for this kind of evaluation. The precision of the 
DHPAL method was evaluated by analysing one sample six times. The results 
and the standard deviations of these analyses are presented in Table 7C. The 
DHPAL method is quite precise for all the other compounds except DHPA. 
The concentration of DHPA was obviously too low for this kind of evaluation.  
 
The precision of the hydroxy acid method was evaluated by analysing one 
BHPAL and one BHBAL sample five times as shown in Table 7A. The one-
tailed F-test was used to analyse if the DNPH and hydroxy acid methods are 
equally precise [94].  The variances of BHPAL were ratioed to get the test 
value: Fvalue = 4.289 < Fcrit = 6.388 for four degrees of freedom at 95 % 
confidence. The p-value was 0.09, therefore it can be concluded that there was 
not a statistically significant difference between the spread of the results 
obtained by different methods, even though the DNPH method seemed to give 
more consistent results than the hydroxy acid method. For BHBAL these two 
methods were equally precise, since Fvalue = 1.291 < Fcrit= 6.388 (p = 0.41) for 
four degrees of freedom (paper IV). 
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Table 7. Comparison of the results obtained by different methods and precision 
of the developed methods. Results in wt.%. 
 
 
A) Comparison of hydroxy acid method to those of DNPH method, precision 
of the methods: n = 5 (paper IV). 
 
 Hydroxy acid DNPH Hydroxy acid  DNPH 
Compound BHPAL BHPAL  BHBAL  BHBAL 
 
Mean 11.41 12.92 61.18  62.06 
SD   0.599   0.289   1.228    1.081 
RSD %   5.255   2.240   2.008    1.742 
 
 
 
B) Presicion of DNPH method for samples with a low and a high 
concentration of hydroxy aldehyde: n = 5 (papers I, IV). 
 
BHPAL synthesis   BHBAL syntesis, distillated 
Compound   BHPAL FA PAL BHBAL FA   BAL     AEA  
 
Mean 12.92 20.58 0.03 62.06 18.87 0.88 0.27 
SD 0.289 0.496  0.000 1.081 0.580 0.026 0.045 
RSD% 2.239 2.413 0.000 1.742 3.077 3.006 16.64 
 
 
 
C) Precision of DHPAL method, n = 6 (paper II). 
 
         
Compound HCOOH  DHPA  DHPAL  IBA DPDP  
 
Mean 0.382  0.022 31.08 0.388 0.218   
SD 0.007  0.009 0.467 0.015  0.011   
RSD% 1.80 41.42 1.50 3.77  4.89  
 
_______________________________________________________________ 
 
 
 
 
 
 58 
3.7. Limits of quantification  
 
The limits of quantification of the HPLC methods were calculated based on the 
smallest calibration standards and a system noise multiplied by four. The limits 
of quantification are collected in Table 8A – 8D. It can be observed that in the 
PET method the sensitivity of the RI detector was several times higher than the 
sensitivity of the UV detector. Compared to the hydroxy acid method the 
separation of rapidly eluting compounds in the PET method was better but 
quite similar to that of the DAD signal in the hydroxy acid method. The loss of 
sensitivity of the DAD signal might be due to connecting the cation-exchange 
column after the C18 column, which caused peak broadening. Also the dilute 
sulphuric acid used as eluent had a higher background absorption at 210 nm 
compared to the phosphoric acid/ACN eluent. The sensitivity of the RI was 
high, partly because the difference between the refractive indexes of the 
aqueous elution solvent and the organic analytes was higher than in the method 
where a mixture of organic solvent and acidic water was used as eluent. The 
other reason for high sensitivity might be the different sensitivity settings in the 
RI detector.  
 
The methods were most sensitive to unsaturated acids and unsaturated 
aldehydes, and less sensitive for aliphatic aldehydes. If higher sensitivity was 
needed, slightly more sample could be injected, or the sensitivity of the RI 
detector set higher. All in all, in the direct methods the limits of quantification 
of aliphatic aldehydes were about 50 times and hydroxy aldehydes about 150 - 
200 times higher than in the DNPH method. Thus, the DNPH method should be 
used if low concentrations of aldehydes are determined, and the developed 
HPLC methods without derivatisation for the other compounds under the 
optimisation of synthesis conditions. In the PET method FA could be 
determined directly from the undiluted samples.  
 
The system noise was affected strongly both by the detectors and the HPLC 
pumps used in analysis as can be seen by comparing the results of compounds 
analysed by different devices. The analysis wavelength of 210 nm was not 
optimal for unsaturated compounds. Nevertheless, it was used since the high 
absorptivity of these compounds allowed quite sensitive detection. 
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Table 8. Limits of quantification (LOQ) and maximum concentrations for 
different compounds analysed by the developed methods. 
_____________________________________________________________________ 
A) DNPH method, (DAD 6 mm cell, 5 µl injection) (paper I) 
 
Functionality      Detector Compound    LOQ (µg/l)    Max conc. (mg/l) 
 
Aliphatic- DAD, 360 nm  FA-DNPH  8.6  125  
aldehyde   PAL-DNPH  13.2  125 
    NBAL-DNPH  16.8  125 
    NBAL-DNPH  15.4  125 
    2-EHAL-DNPH  28.0  125
  
Unsaturated- DAD, 360 nm AMA-DNPH  13.2  125  
aldehyde   AEA-DNPH  20.0  125 
  
Hydroxy- DAD, 360 nm DHPAL-DNPH  22.2  125 
aldehyde   BHPAL-DNPH  27.2  125 
    BHBAL-DNPH  42.0  125 
  
 
B) DHPAL method, (DAD 10 mm cell, 5 µl injection) (papers II, III). 
 
Functionality       Detector  Compound       LOQ (mg/l)    Max conc. (mg/l) 
 
Acid  DAD, 210 nm HCOOH  5.6  1000 
    IBuCOOH  25.0  7000 
    MAA   0.2  400 
    DMMA  9.4  200 
 
Hydroxy acid DAD, 210 nm DHPA   18.8  3200 
     
Hydroxy- DAD, 210 nm DHPAL  24.8  2000 
aldehyde DAD, 360 nm DHPAL-DNPH  0.01  125 
 
Aliphatic- DAD, 360 nm FA-DNPH  0.004  125 
aldehyde   IBAL-DNPH  0.006  125 
  RI, sens 4 IBAL   391.6  10000 
 
Ester  DAD, 210 nm DPDP   11.6  4000 
    DMPD-mIBA  33.0  1000 
Alcohol  RI, sens 4 MeOH   141.6  10000 
    DMPD   96.4  4000 
    IBuOH   189.0  10000 
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Table 8. continues. 
 
 
 
C) Hydroxy acid method, (DAD 10 mm cell, 10 µl injection) (paper IV). 
 
Functionality     Detector  Compound     LOQ (mg/l)     Max conc.(mg/l) 
 
Acid  DAD, 210 nm HCOOH  1.1  700 
    PrCOOH  4.2  1000 
    BuCOOH  9.3  2500 
    MAA   0.06  70 
 
Hydroxy acid DAD, 210 nm BHPA   2.5  800 
    BHBA    4.1  600 
 
Hydroxy- DAD, 210 nm BHPAL  1.5  900 
aldehyde   BHBAL  2.2  800 
 
Unsaturated- DAD, 210 nm AMA   0.08  300 
aldehyde   AEA   0.04  200 
    2-me-2-pentenal 0.12  300 
    2-et-2-hexenal  0.08  200 
 
Aliphatic- RI,  FA   not determined 
aldehyde Range 1e-5 PAL   1.9  10000 
    NBAL   3.4  10000 
 
Alcohol  RI,  MHPD   1.1  3500 
  Range 1e-5 EHPD   1.1  2500 
    PrOH   2.3  10000 
    BuOH   4.4  10000 
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Table 8. continues. 
 
 
D) PET method, (DAD 10 mm cell, 10 µl injection) (paper V). 
 
Functionality Detector  Compound LOQ (mg/l) Max conc. (mg/l) 
 
Acid  DAD 210 nm HCOOH 0.01  700 
    PrCOOH 17.9  10000 
    EtCOOH 13.9  2500 
    MAA  0.18  70 
 
Acid  RI sens 16 HCOOH 0.01  700 
    PrCOOH 3.6  1000 
    EtCOOH 3.6  2500 
 
 
Hydroxy DAD 210 nm PETA  11.9  800 
acid    BHPA   15.2  800 
 
Hydroxy  RI sens 16 PETA  1.4  800 
acid    BHPA   2.1  800 
 
 
Hydroxy DAD 210 nm PETAL  no reference standard 
aldehyde   BHPAL 5.4  900 
RI sens 16 BHPAL 1.8  900 
 
Aliphatic RI sens 16 FA  2.0  10000 
aldehyde   PAL  5.7  10000 
 
Polyol  RI sens 16 PET  1.6  3500 
    MHPD  2.3  3500 
 
Alcohol RI sens 16 MeOH  13.4  10000 
    PrOH  4.6  10000 
    EtOH  5.3  10000 
 
____________________________________________________________________ 
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4. CONCLUSIONS 
 
In this study several HPLC methods were developed to analyse samples from 
the reaction mixtures producing hydroxy aldehydes, hydroxy carboxylic acids 
and polyols. A DNPH derivatisation method was used to obtain standards for 
quantitative analysis of aldehydes. New DNPH derivatisation methods were 
developed for β-hydroxy aldehydes. The structures of the derivatives were 
confirmed by solid state NMR. The solid aldehyde-DNPH derivatives were 
used to determine the purity of the reference standards in direct RP-HPLC 
methods. 
 
As a result of the studies two sets of gradient programmed RP-HPLC methods 
and one isocratic HPLC method were developed for the analysis of all the 
components in the reaction mixtures using only one HPLC instrument. One for 
the DHPAL case, using acidic water/ACN as eluents - the other for the BHPA 
and BHBA cases using acidic water/MeOH as eluents. The compounds from 
the PET case were analysed by HPLC isocratically using dilute sulphuric acid 
as eluent. 
 
All the other compounds except aliphatic aldehydes were determined from 
acidic and dilute sample solutions by the direct HPLC methods. The sample 
preparation was optimised by using the information obtained in NMR studies 
on the behaviour of the hydroxy aldehydes under different experimental 
conditions. In the method without derivatisation both the UV/vis and RI 
detectors were connected in series. Aliphatic aldehydes were determined as 
their DNPH derivatives using the UV/vis detector. The isocratic method with 
coupled columns was used for the very polar neopentyl compounds. In this 
method derivatisation was not needed for aldehydes. The results obtained by 
different developed methods and techniques were compared statistically in 
order to test the reliability of sample preparation. The direct method can be 
used for reaction optimisation when mg/l quantities are followed. The more 
accurate derivatisation  method for  aldehydes and  hydroxy aldehydes can be 
used for µg/l quantities. 
 
In all HPLC methods column switching was used in the selection between 
different detectors and different columns. Thus, more economical methods 
were obtained in the sense of analysing time and analytical instruments needed 
for these kind of analyses, making the application of the methods in quality 
control laboratories more convenient. 
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APPENDIX 1. Reaction schemes where A) DHPAL, B) BHPAL (paper V), C) BHBAL and D) 
PETAL (paper V) are prepared and used as intermediates in the polyol and hydroxy acid 
syntheses. 
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APPENDIX 2.  Examples of possible reactions in DHPAL synthesis. 
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APPENDIX 3. Chromatographic methods used for analysis of different compounds.
Publication Thesis I, III II II, III IV Thesis V
HPLC ald-DNPH HPLC ald-DNPH GC HPLC HPLC HPLC HPLC
Compound (MeOH as eluent) (ACN as eluent ) DHPAL Hydroxy acid PET (case BHPA) PET (case PET)
2,4-dinitrophenylhydratzine DNPH x x
2-ethylhexanal EHAL x as DNPH deriv. x as DNPH deriv.
formaldehyde FA x as DNPH deriv. x as DNPH deriv. x x
2-methyl-2-propenal AMA x as DNPH deriv. x as DNPH deriv. x
2-methyl-2-pentenal 2-me-2-pentenal x as DNPH deriv. x as DNPH deriv. x
2-ethyl-2-hexenal 2-et-2-hexenal x as DNPH deriv. x as DNPH deriv. x
2,2-bis(hydroxymethyl)butyraldehyde BHBAL x as DNPH deriv. x as DNPH deriv. x
2,2-bis(hydroxymethyl)propionaldehyde BHPAL x as DNPH deriv. x as DNPH deriv. x x
n-butyraldehyde NBAL x as DNPH deriv. x as DNPH deriv. x
propionaldehyde PAL x as DNPH deriv. x as DNPH deriv. x x
2-ethyl-2-propenal AEA x as DNPH deriv. x as DNPH deriv. x x
isobutyraldehyde IBAL x as DNPH deriv. x x
2,2-dimethyl-3-hydroxypropionaldehyde DHPAL x as DNPH deriv. x x
2,2-dimethyl-3-hydroxy-propionic acid DHPA x
2,2-dimethylmalonic acid DMMA x
2,2-dimethyl-1,3-propandiol (NPG) DMPD x x
3-hydroxy-2,2-dimethylpropyl 3-hydroxy-2,2-dimethyl propionate ester DPDP x x
methacrylic acid MAA x x x
methanol MeOH x x x x
i-butanol IBuOH x x
i-butyric acid IBuCOOH x
2,2,-dimethyl-1,3-propandiol monoisobutyrate DMPD-mIBA x x
formic acid HCOOH x x x x
2,2-bis(hydroxymethyl)butyric acid BHBA x
2,2-bis(hydroxymethyl)propionic acid BHPA x x
n-butanol nBuOH x
n-butyric acid BuCOOH x
ethylacrylic acid EAA x
2-ethyl-2-hydroxypropan-1,3-diol (TMP) EHPD x
2-hydroxymethyl butyraldehyde HBAL x
2-hydroxymethyl propionaldehyde HPAL x
2-methyl-2-hydroxymethylpropan-1,3-diol (TME) MHPD x x
propiocic acid PrCOOH x x
propanol PrOH x x
acetonitrile ACN x x
2,2-bis(hydroxymethyl)-1,3-propanediol PET x
2,2-bis(hydroxymethyl)-3-hydroxy propionaldehyde PETAL no ref compound
2,2-bis(hydroxymethyl)-1-ol propionic acid PETA x
phosphorus acid H3PO4 x x
acetic acid CH3COOH x
ethanol EtOH x
       APPENDIX 4. 
 
 
 
 
Compounds that were used for structural characterisation by NMR and purity 
determinations by DSC or RP-HPLC. 
 
 
 
Publication II IV I I I 
 NMR NMR NMR DSC RP-HPLC 
Compound 1H  13C  Solid state 13C  (water/ACN) 
AEA    DNPH DNPH 
AMA    DNPH DNPH 
BHBAL  x DNPH DNPH DNPH 
BHPAL    DNPH DNPH 
DHPAL x   DNPH DNPH 
EHAL    DNPH DNPH 
FA    DNPH DNPH 
IBAL    DNPH DNPH 
NBAL    DNPH DNPH 
PAL    DNPH DNPH 
 
 
 
 
 
 
 
 

